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^ p aSSTVE FLUID FORCE FEEDBA CK 
D escription 



Jorhniral Field 

The present invention relates generally to interface devices between humans and computers, 
and more particularly to computer input devices that provide force feedback to the user. 

Raek ground Afl 

Computer systems are used extensively in the home entertainment industry to implement 
video games, video simulations, and the like. In the video game industry, a video K anie computer 

10 system displays a visual game environment to a user on a display screen or other visual output 
device. Use* can interact with the displayed environment to play a game, experience a simulauon 
or "virtual reality" environment, or otherwise influence events depicted on the screen. Such user 
interaction is implemented through the use of a human^omputer interface device, such as a 
joystick, •joypad" button controller, mouse, stylus and tablet, or the like, that is connected to the 

1 5 computer system controlling the game environment. 

One common interface device to game environments is a joystick controller. A joystick 
usually includes a member for the user to grasp and move in one or more decrees of frec doui. Tlic 
user's manipulations of the joystick are input to the computer system and the results or effects of 
these manipulations are typically displayed to the user on the display screen. While a standard 

20 joystick is effective in allowing a user to input commands to a game environment, it is limited to 
providing only input to the game computer system. The user con receive feedback about the results 
of his or her actions only through the visual medium of the display screen and. usually, the 
auditory medium. A standard joystick cannot itself provide feedback information to the user. For 
example, if the simulated aircraft that the user is controlling in a game environment collides with 

25 another urcraft. the user only receives the visual and auditory feedback that such a collision 
occurred. The standard joystick bas no means of conveying such collision information to the user. 

Joysticks and other input devices have been developed to provide tactile Chaotic") feedback 
to h us« ' more generally known as ' force feedback." These types of joysticks can provide 
physical sensations to the user manipulating the joystick. Typically, motors are coupled to the 
30 joystick and arc connected to the controlling computer system. The computer system can provide 
forces on the joystick in conjunction with gaming events by controlling the motors. Through such 
a joystick, the computer system can convey to the user the physical sensouon of colliding into a 
wall, moving through a liquid, driving over a bumpy road, and other sensaUons. The user can 
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„ rfimension m the gaming experience that was previously absent. 

*« - *T SCnS 0 ° r ^ new rnodality Jhuman-cotnpute, initio, 

Force feedback joysueta can pro* roe i "> noie 

, ■ , .wines of .IK rrinr »n h»e concentrated on provldmj matumtrm 
Force feedback rnput SI*-.-.***-** 1 - 1 - 4 This is because 

^ « the vctt »* «•* industrial 

components. h*h W« <>« «' J — < ~ 

To provide reaMc to™ fa** 0. devises of d» prior an typical!, us. servo moto* 

srjs. jot 

interf.ee glove to provide force feedback to a user s f.ngers. These, systems re e 
air to generate active forces to the user. 

" While the potential tnarkct end applications of force feedback controllers in the hon^jdeo 

Z impec, injury. -«* » «— * • «*• »~ » «» «« *» tf cao«d b 

be resolved before force MM Joy** can be pncUca.,, sold . the general public. 

to me prior an feedback controller*. *** forces n dlreody applied to the user » provide 
. « "safe conuoUer. >n addrbon. hl B b access ere usually produced ro provn* 
of force skoal frequencies end achieve the desued bi 5 h reel.sn. However, such 

, z:::ziz™: s» ^ * . use, „ * The* ^ - - 

devices are thus unfit for the home market of video games and the like. 

Other ceoems re E ardin 8 fore, feedback joysueka tnclude she efficiency 
endttr^Uteioystiuks. The co, comply. reUabtli^ ^^^^ 
for home use should be pmctical enough to mas, produce the devices. In «u> 
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concerns such as compactness p«d operating nn.se level of a force feedback device are of concern 
in the home market. Since the prior art feedback controllers ere mainly addressed to specific 
application* in industry, most force feedback mechanisms are cosdy. large, heavy, have ugnmeam 
power requirements, are difficult to program for applications. The prior an devices require high 
5 speed control signals from a unfiling computer for stability, which usually requires more 
expensive and complex decrmnir.s m addition, the pnor art force feedback devices art typically 
large and noisy. These factors provide many obstacles to the would-be manufacturer of force- 
fettlhxk joysticks to the home video game market. 

For example, the pneumatic force feedback device of Burdsa et al. mentioned above 
10 include, many disadvantages to a would be provider of force feedback devices in the home video 
game industry. The force feedback Interface of Burdea tt al require, a large interface box 
including bulky pressure regulators, pressurized air supply, and a large. 24-volt power supply. 
The active pneumatic actuators of Burdea ct al. require high speed control signals to operate 
effectively and pmvide. stability, finally. Burden et al* pneumatic actuators can potentially be 
15 dangerous for a user when strong or unexpected forces ore generated on a user of the interface. 

Therefore, a safer, less expensive, less complex, more compact, more reliable, easier 
programmed, more aesthetic alternative to force feedback Interface devices is desired for certain 
applications. 

nj^ nyure of th e Invention 

o 0 The present invention provides a human/computer fluid-resistance interface device that 

provides force feedback to a user operating die device. The device includes computci^onuolkd 
pneumatic or hydraulic dampers that provide a modulated passive damping resistance to the monon 
of an object that is controlled by a user. The interface device of the present invention is inherently 
safer for a user, requires lower power, and is less costly to produce than active actuators and other 

25 types of pneumatic/hydraulic actuators. 

More particularly, on apparatus of the present invention for interfacing the motion of an 
object with an electrical system include, a sensor, such as a digital encoder, dial delects movement 
of an object along a degree of freedom and develops an electrical sensor signal for the electrical 
system. The sensor is coupled to the object in the preferred embodiment. The apparatus also 
M) includes a passive fluid-resistance mechanism, such as a pneumatic or hydraulic damper, coupled 
to the object to transmit o drag to the object along the degree of freedom and resist a movement of 
the object. The damper is responsive to an electrical resistance signal provided by the eleoncal 
system and, with the sensor, provides an electromechanical interface between the object and the 
electrical system. In the preferred embodiment, the object is a joystick controller. 
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Id me preferred embodiment, the passive damper uses air (or a different gas) flow to 
control the. doping ****** hy the. damper. In embodiments, the. passtve 

damper can be a hydraulic brake utilizing liquid flow. The passive damper includes a cylinder and 
a puton operate to move within the cylinder. A valve is included for regulating a flow of a flmd 
5 through the cvlinder, the valve being controlled by a digital computing apparatus to transit a 
variable drag to the movement of (be object. The valve can be an oo-off valve which provides only 
two macnitudes of drag to the object. These two magnitudes include negligible drag when the 
valve is^open, and maximum drag when die valve is closed to allow substantially uo movement uf 
the object along the degree of freedom. Tne. valve can Alternatively be. a variable, valve thai 
10 provides multiple magnitude, of drag to the object. A solenoid can be coupled to the valve tc 
control the opening and closing of the valve from the digital computing apparatus. A gtmbal 
mechanism or slotted yoke mechanism can be coupled between the object and the damper. A play 
mechanic cat, also be coupled between the damper and die object for providing a desired amount 
of play he.rwe.e.n the. darner and the object along the. degree, of freedom. The play can include 
IS rotary backlash provided by a coupling coupled to the object and having a keyed bore which u 
smaller than a keved shaft that is received by the keyed bore. The keyed shaft is coupled to the 
damper. The desired play allows the sensor to detect movement of the object even when maximum 
resistive force is applied to the object. 

Another apparatus for interfacing the mouon of an object with an electrical system in 
90 accordance, with the present invention includes a gimbal mechanism providing a first cevolute 
degree of freedom to an object engaged with the gimbal mechanism about an axis of rotation. The 
gimbal mechanism includes a closed loop five member linkage in a preferred emhori.ment. A 
sensor is rigidly coupled to the gimbal mechanism for sensing positions of the object along the first 
degree of freedom. A braking mechanism is coupled to the gimbal mechanism to create a passive 
25 damping resistance to movement of the object along the first degree of freedom. The braking 
mccharusm provides the damping resistance by regulating the flow of a fluid. The braking 
mechanism and the sensor provide an electromechanical interface between the ohject and the 
electrical system. This electrical system preferably includes a digital processing system for 
providing a braking signal to the braking mechanism and for receiving an electrical signal from the 
30 sensor. 

The gimbal mechanism preferably provides a second degree of freedom to the object about 
a second axis of rotation, and a second sensor senses positions of the object along die «cuud 
■ degree of freedom. A second brak.ng mechan.sm create, a passive damping resistance along the 
second degree of freedom by regulating the flow of a second fluid. The braking mechanism 
35 preferably includes a piston assembly and a valve, where the piston assembly includes a cylinder 
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•.v- .v>. rvlinder A piston rod couples the piston to the object 
and a piston operative to move within the cyiinaw. n i i 

and include* iwu ends, each end connected by a boll joint. 

A method for interfacing motion of an object with an electrical system includes providing 
an object having . fegme of freedom. Positions Of the object along the degree of freedom are 
sensed with a sensor and electrical signals are produced from the sensor. A stance to 
movement of the object Is created along the decree of freedom by controlling the flow of a fluid. 
The degree of freedom can be a rotary degree of freedom or a linear degree of freedom. The step 
of creauitM a resistance to the object's movement includes coupling a passive broke to the object. 
The p^,v,. hrake can include a piston assembly and a valve to control the flow of the fluid. In an 
alternate embodiment, the brake can include a piston assembly having a cylinder and a piston. An 
elecnorhcological fluid Is provided In the cylinder, and a volume is applied to electees in the 
cylinder. The voltage induces an electric field, which, in turn, controls a v.scostty of the 
electrorheolodcal fluid and dtercby allows the flow of the fluid to be regulated. A gimbal 
mechanism or slotted yoke mechanism can also be included tn prov.de two or more degrees of 
5 freedom to the object. The gimbal mechanism can be a closed loop five member linkage. 

Li yet another embodiment of the present invention, a system for controlling an 
electromechanical interface apparatus manipulated by a user includes a digital computer system for 
receiving an input control signal and for providing an output control signal which updates a 
process, such as a simulation or video game process, in icsponse to the input control signal. A 
passive damper for receiving the output control signal provides a reside three along a degree of 
freedom to an object coupled to the passive damper. The object is preferably grasped and moved 
hy the user The resistive force is based on a flow of a fluid within the passive damper, and the 
flow of the fluid is based on information in the output contra! signal. The force resists a user force 
applied to the object by the user alon* die degree of freedom. A seuso, detects motion of the object 
25 and outputs the input control signal including information representative of the pos.tmn and modon 
of die object to die digital computer system. 

Preferably the digital computet updates a simulation process in response to the input 
control signal and displays a emulation (or video game) to the user on a display screen. The 
passive damper is a pneumatic or hydraulic brake that includes a piston assembly and valve for 

30 regulating the flow of the fluid. The digital compute: system preferably regulate, the fluid flow by 
controlling the valve. Preferably, a local processor is coupled between the digital computer system 
and Uk dampcr/scusot that icccives die output control signal from said digital computer system and 
provides a second output control signal to the passive damper. The local processor also rece.ves a 
second input control signal from the sensor and outputs the input control signal to the digital 

35 computer system. The local processor can provide the second output control signal lu U« pa»ivc 
damper in response to the position and motion of the object. This can he Kcnmpished 
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independently of the output control signal from the digital computer system in . •'reflex" process. 
A serial interface can output the output control signal from the computer system and can receive tn= 
input control signal to the compute system. A dipul to analog converter can receive the output 
control signal, convert the output control signal to an analog control signal, and output the analog 
5 control signal to the passive damper. The output control signal can control the resistive force on 
the object to Simulate the object moving into an obstacle, moving over a textured surface, or 
moving through a damping environment in accordance with the simulation or video .aame. 

The force feedback of the present invention is provided by passive darapets. wliich do not 
geiieiatc foiccs on a user but instead provide a damping resistance to the motion of a joystick 

10 moved by a user. The present invention is thus inherendy safe for a user to operate. In addiuon, 
the dampers require less power and slower control signals than active actuators such as achve 
pneumatic or hydraulic actuators and motors. In addiuon. the dampers are less cosdy and require 
simpler computer control electronics than other types of passive actuators. These improvements 
allow a computer system to have accurate control over a low-out, safe interface providing realistic 

1 5 force feedback. 

These and other advantages of the present invenuon will become apparent to those skilled 
in the art upon a reading of the following specification of the invention and a study of the several 
figures of the drawing. 
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BiierPcscripnnn of the Dra wings 

Figure la is a schematic diagram of a transducer system in Accordance with the present 
invention for providing passive force feedback to an object in a linear degree of freedom; 



Figure lb is a schematic diagram of an alternate transducer system of Figure la for use in 
hydraulic systems; 

Figure lc is a schematic diagram of an alternate transducer system of Figure la for use in 
25 hydraulic systems; 

t-igum Id is a side sectional view of the piston assembly of Figure lc; 

Rgure 2 is a schematic diagram of a first alternate embodiment of die transducer system of 
Figure la; 

Figure 3a is a schematic diagram of a second alternate embodiment of the transducer system 
30 of Figure la; 
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Figure 3b is a schematic diagram of an alternate transducer system of Figure 3a for use in 
hydraulic systems; 

Figure 4a is a schematic diagram of an interface system including transducer systems of 
Figure 1 ; 

5 Figure 4b is a perspective view of the interface system of Figure 4a; 

Figure 5a is a schematic diagram of an alternate interface system including transducer 
systems of Figure la; 

Figures 5b and 5c are schematic diagrams showing the movement of a user object in the 
interface system of Figure 5a; 

10 Figure 5d is a perspective view of the interface system of Figure 5a; 

Figure 5e is a perspective view of the interface system of Figure 5a having a stylus- 
receiving user object; 

Figure 5f is a perspective view of the stylus-receiving user object of Figure 5e and a stylus; 

Figure 5g is a perspective view of the interface system of Figure 5a having a finger- 
15 receiving user object; 

Figure 5h is a perspective view of the finger-receiving object of Figure 5g and a user's 

finger; 

Figure 6a is a schematic diagram of a transducer system in accordance with the present 
invention for providing passive force feedback to an object in a rotary degree of freedom; 

20 Figure 6b is a schematic diagram of the transducer system of Figure 4a where an object has 

been moved within the rotary degree of freedom; 

Figure 6c is a sectional side view of the damper shaft and a play mechanism of the 
transducer system of Figure 6a; 

Figure 6d is a sectional side view of the clamper shaft and play mechanism of Figure 6c; 

25 Figure 6e is a detailed view of the keyed portions of the damper shaft and play mechanism 

of Figure 6c; 

Figure 7 is a schematic diagram of an alternate embodiment of the transducer system as 
shown in Figure 6a; 
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. r f , n interface system including the transducer system of 

Figure S is a schematic diagram of an interior j 

Figure 6a; 

Figure 9 is a perspective from view of a preferred embodiment of the rnterface system of 
Figure 8 including a joystick object; 
5 Figure 10 is a perspective rear view of the embodiment of the interface system of F.gure 9, 

Figure 11 is a perspective view of a slotted yoke mechanical apparatus used w lt h the 
transducer system of Figure 6a; 

Figure 12 is a block diagram of a control system for the interface systems of the present 
invention; 

10 Figure 13 is a schematic diagram of a first embodiment of the control system of Figure 12; 

Figure 14 is a schematic diagram of a second embodiment of the control system of Figure 

12; 

Figure 15 is a flow diagram illustrating a method for controlling the transducer systems *f 
the present invention. 

15 gg a M odes fr T r - aTTVing SSi ftc Tnvgmiofl 

In Figure la. a schematic diagram of a transducer system 10 for providing computer- 
controlled force feedback in accordance with the present invention is shown. Transducer system 
10 mcludes a damper assembly 12 and a sensor 14. A user object 18 is preferably coupled to 
damper assembly 12 and sensor 14 to allow the user to interface with a computer system 16. In 
20 the preferred embodiments, a user grasps user object 18 and moves the object in one or more 
provided degrees of freedom. Transducer system 10 is also considered an interface system to 
computer system 16; in other embodiments, described subsequently, an interface system includes 
additional mechanical components. The transducer system of the present invention both senses the 
position of the object and provides passive force feedback in the provided degrees of freedom, as 
,5 described below. Thus, as used herein, "transducer system" refers to a system that both senses 
" positions and provides force feedback. "Damper" refers to a passive resistance mechamsm tha: 
provides a damping resistance to motion of an ob,ect coupled to the mechamsm. 

Damper assembly 12 is coupled to object 18 to provide a passive dampmg resistance to the 
movement of object 18. Preferably, a user generates a force on object 1 8, which causes the object 
30 to move in one or more provided degrees of freedom. In the embodiment of Figure la. a smgle 
linear degr of freedom is provided for object 18. The damping resistance generated by damper 
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„ w, , is in dial degree of freedom, as described 
assembly 12 dampen* or resists the motion of object 18 in d* 

below. 

gM , such . «. Damp* «emb ) J M a on ^ p!£0 , atic ,„ 

of ^ flow. How..,,. p«^~^^ JS lnd>ldes , pi!lon 

WiaopiiaK for the embodrmcnt of Prsore !«• , ijton M , 

smooth material, 

^ rhc dc^cc of freedom J' , * JL Fta. 2b bu a 

cross sectional shape equivalent to cyuno« between the 

» gap. ' P ' S ™ ;" h '" 1 ir^rlofao^ « be used I. 

- i~ ^^t'XoM *~ » ,o user ob J£ cr I. 

available from Airpot of NotwaUt, Usnnecucu nisl0 n 26 is also moved 

sucb that when obicU 18 b moved by a user in the degree of freedom 36, piston 

->5 in that degree of freedom 

The morioc n. pramn » - —on fc flow of . « » ^ 
e Vlu> de, 24. As Marod above, fluid 38 is pmferably a pan such . * 

34 is uro.srnc.cd. which allows rhc flu.d » flow uu 5 „ 

3„ .-.^^7^^rS^-* OfJ-ca 3, ,d ro 0. 
force air from the portion of uBowr 30 in trnnl or v 

au „osphem ouraide cylinder 24. fed*, pi- 26 - move Z referenced 

„ J mnm me mm toe W po^n «^^r — - 

hocm. rhe ™ "*~ movemenf or heely move ^» ' ^ 30 ^ 
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In actuality, some movement of piston 26 is typicalls pew 

and other fluids, and due to small fluid leakages in the 3ystem. 

nuid 38 is used in damper assembly to provide a damping resistance or drag to the morion 
, w ^ be. removed from the system such that ween the user moves 

b'2T. a P^13 to the object's morion is created. H. morion of the object can b. 

object 18, a passim re5UUU , , described embodiment. 

^ by - »oun, of AM V:^, . « „ o, 

thr fl«id flow through orifice 34 is controlled by valve 22. valve u coup 

5 ^ttL- 30 and S top S the — of pUton 26 M cvlindex »<»«*■"* 
^ Icurettf i, actual* ^ — due tocoupreseibiUry - «T ° f ^"l Z 

object 18. 

The aeoood runoun. of fluid flow i. f»H AO- (of" valve,, in which vajvo 22 eoonecra 
•0 open pon 44 .0 duo 40. Open pen 44 allows fluid 38 .0 be vemed to the aunosplrere or «tew« 
Z C». This provide, Ure minimum dampinp re.is.anc. (i.e., minimum anaoun, of *y 
W^Lcn.) <o Piaron 26 aoduserobjecr ,8in rh. deaenbed c^bodimon, Fo, cxaurple^. 

a, arr i bem g used . a fluid. ihen open pon 44 can «. the S ns,o *e «^ 
Lper essembly U would to be on "open .oop" system. A suitable on-off v^ve «*U for 
25 use in me pro** Invention is the Mirumatic Valve available from CUppard of Circmnai, OH. 

The fluid flow toosb orifice 34 can to be controlled by adjusts the size of orifice 34 
of the eae of . paesape eonneered ro onf.ee 34. In the ennenr embodhnen, this i. aneomp shed 
bv conuoUin* a valve to .elect one of tooluple pro.rded port, where ead. po.r haa an ouflac of 
JETT *, desenbed below, mnluple valves arm be „sed ,0 pmvide a g^rer vaneiy o, 
30 different fluid flows through orifice 34. 

In an alternate embodiment, a servo valve can be used to provide a desired fluid flow 
Such a valve receives an analog voltage signal for mentally con^tog the size of the valve 
passageway based on the analog voluge, thus allow l0 g Huid How to b. controlled to a m 
Loluuon L when usine on-off valves. A suiuble sen. valve for use m the present mvcnuon * 
35 QUI available from Proportion Air of MeCordsville. IN. 
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vw l- canorovidc realistic force feedback to a 
,,„„„.„ cuch as dainucr assembly u, can pioviuw i 

passive dampers, wui « »* - . PasS ive dampen impose a 

interface apparatus in a simulated environment, passive oaiui^ k 
user operating an interlace apy h manipulates an 

interface having passive damper* will reel iorccs uiuj 
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• *,m-*n reouire substantially slower control signals to operate 
In addition, passive dampers require suosan j significant 

itt hecoooo,U, of .M. «*-- " '^"^V comDlon to f^ood cotnputecs 
speed i»p«^P«.»«*»« -»>•»«• Se "^"^ satlle most aaive 

ta , 00 not eon»«e. e»oo 8 h » S**>™ K *^' P»siv« damp.* am 

_ When - — -» . ^ ,0 

not generate forces on the interface and the user ana . . - • ^ user 

Jxpetoc uoo«~.*d -d **— *~» *« *< m f ' «*"" * "*" 

i, inputting .01 the ene,gy Wo the eyflen. and providing all the «W (Wees. 

TV „,,,„ nxn^ - «. inven.cn (i.e.. p»-e ~> >~ 
^ ^ S e, to . .ow-eost. «* foiee ,«dh** *- * - ^ 

~ ^, m npr< since the resistance applied to die user object 18 is provided oy wc 

t,t t,T » Tlws dlow, s imp.c soleootd, end other io-powot eompooent, to he 

rritr»z: — - - «*. — «s = p r rr : 

„ In . dentin, -ten, ^ « . — , — «*. 

control of force feedback even ry ^ ^ ^ 

addition, die pislun aSsenibUes arc very low cost anu 



devices. 
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c a, lame of freedom. TV obi..-. IS in the embodiment « *»« " i! I"™' 15 ' 1 W ' m 
the object in » degree of tre~om. ne ooj 

„.iv ...mele linear degree of freedom such dial aeiisol l 4 senses tnc poaiuon oi m j 

, A* XeL A sliding member dft is coupled to piston rod 28 or to object ,8 and 
^^i" . wmch in L embodiment of F*,= i.e... a- P«- *~ d*1 
LVc>T . ., Mr device for sensing . object, position ln a Uncat degree of fro dor, 
part number 0243-0000 available from Transtek of Ellinpon, CT can be use In 
LTem^tmonte. aenaor .4 can b. «.» detect rotay tnobun of «*. .6. aa bed * 

L 50. which carries Cecmca. siitnaii diataie ,p,e S e. U dveof *e poaiuon of object .8 alone tne 
provtded dejree of freedom from sensor 14 10 compiler eyatem 1 0. 

Valve 22 U preferably controlled by a digital processlns eyelem o, other electneal ayetem. 
ftufcraW, die digital processing system is a computer ayatcm 16. which can include . compel 
£££ « J. dtsriay -en ,4. _ o*er peripherals and <-*"~ £ * 
coupled to computer ayatcm .6 «a well Compute syatam Id ia coupled . ^ 22 ***** 
provides elccMcal signals to die valve to contnal die «l.e. For couple, .hen using the oaa-off 
S^LS above, a solenoid . be coupled .0 the valve to cauee the v*ve ,o open or d«e . 

computer apparahja 5 2 e. include . inlerface . provide 0t= siunals to a solenoid; exiles of 
such - inurfaee circuit „ described below with referone. to Figures 12 and 13. Al«nately 
computer apparatus n can provide an analog voltage signal to control a servo vulve. aa desunbed 
above and with reference to Figure 13. 

Display 54 can be used to display a vutual reality environment for the user to view. 
Display 54 can be a standard <usplay screen or CRT, 3-D goggles, or any other visual uucrfacc. 
Hor e^mp.e, the user ohject .X can control a cornputer-generated object displayed on a two- 
dimensional screen, such as a picture of a instrument, a joystick, a cursor, etc. The user can 
interact with the simulation by viewing the screen. The computer system 16 recess mput f^n 
£enS or 14 to influence the position and movement of computer-generated objects that are controlled 
bv object 18, and the computer system 16 output, signals to damper assembly 12 when computer- 
, grated ohjec* interact or a harmc effect « to be transrrutted to the user. For example ,f a user- 
Ltrolled object displayed on display 54 collides with a "wall" in the simulation, that coupon can 
be viewed on the screen and appropriate force feedback can be applied to user object 18 as well. 

User object 18 Is preferably grasped or otherwise controlled by a user. By "grasp", h is 
m eant that users may releasably engage a grip poruon of the objeel in son* fashion, such as by 
5 hand, with dacir fingers, oi even orally in the case of handicapped persons. In the desenbed 
embodiment, object 18 is a handle, such as a control handle on a joysncK for marupuiaung the 
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, m n,«« controlled objects or a steering wheel, palm grip. etc. Computer ***** 
mov^tof cornputer-ennmo J ^ mtfirface with the objects by mov,n 2 

"* T Z f o o™ 1 tor the present invention, such as a pool cue. a stylus 
etc. ^ er ^ eSOf0b ^ 1 ^ ob agrip , am edicd instrument (laparoscope, catheter, etc.), and 
a juysiick, a steering wheel, a Xnoo, a gnp, 



so on. 



of freedom preferably includns its own transducer system 10. 

Hp. lb b a scheme illusion of - *— W * ""*~ 

"i-sri'^^-'^E 

Figure la. 

D^r nsscn,b>y 17 includes . Pts.on —*» » «" 1 «*" » "7° !" 
includes CVUnder 24'. piston 26. piston sod 28.. piston tod 28b, orifice 27, mi*** »_Tte 
STw,*- rod 28, op-ete subs*.^ *e — - -* ' ~ "J^. 
. Pi lon so 28b is adding «*M » * * °' f" 10 " M fr0m h ' 0 f 1 „, 

send rntringh - ™ * ^ *■ R ™> 2S " * ^ " ^^t^ 

fluid 39 on bod, side, of piston 26 within eyiinder 24' nnd thus allow en equal dnrn tng 
"t ^dedtotsbjoct a—*— iff #* is " ed * 

iXe en, in which . fluid i, not deesred to escape from cylinder 2*. seah 4, are preferably 
X* epenuses 32a and 320 and the piston rod, 28a end 28b, reapecu~>,, so prevent 

any tlutd leakages tnmugh apertures 32a and 32b 

Rhodes 24' .nctudes t»o onrices 27 and 2V rnstend of the single orsftoe 34 of figure Itu 
Onfiee 27 lends to duo. 31. whieb ealends fiotn cylinder 24' » valve 22'. Due, 31 .a prefenbly 
H£ I a flrst pori of valve 22. Similarly, ortflcc 2, lends to due, 33. which «-*•«- 
, JLm 24 » the second pen of valve 22. Orifice, 27 end 2* are areanged sue. tbas o~ of the 
orifice, is near one end of cyliudc. 24'. and .he other orifice is positioned r«aa *e oppoane «d* 

^nd.r. The epaee «~» «* » «» ^ m ° VemB " ^ 

the linear degree of freedom indicated by ni> 36, es eaplmned below. 
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^ „ *. -» ,., r * -d - ^ - ; o ; s :t - „ _ 3 , flujd » 

sriflce 29. Likewise, when ptston 26 « moved» dwc» PP s 
mov .s from th. interior of cylinder 24\ rhrourf, office 29. ihroujh vd. = • ' . 
Td back too rh. cylinder W. To= piston is thus "double .dun,- In M Hold on bo* srdea 
ptston is caused 10 now when die piston is moved. 

Valve 2? is can be controlled to computer system 16 ro alter rh. amoum of fluid flowin g 
Valve 11 ' s ov „ 6US 36 . as 0cscnb ed m Furors U. 
fcoughur. valve. Comparer system 16 « ^ i ^ ^ 

provided degree uf freedom if the computer system controls valve 22 to open, and the 
pUton/handle are. provided with maximum damping resistance when valve 22 is closed. 

As described with reference to Figure la. valve 22 can also be Lamented as a servo 
val , ^ cl more »* -.el the s~ of its orifice. An analog voltage ^ 
rt^tal signal) can be applied by computer system 16 for incrementally contxolhng ^ cross 

controlled ro a finer resolution lira., when us.n{ on-off valves. 

The doacd-loop of «*n lb ra eapeeUdly suitable for hydmulic dangers in 

wbrch flutd 39 is . Moid (mending an dec TO ,heolo t ic.l liquid, as described be!ow . FrKunr W). 
.s aa danrper, ,„ .bleb fluid 39 is a 8 as orher *, air. In such damper sy«m, £ *£» 
is ttormafly pnfvided in a closed system so that the fluid due, t.or conunuaUy have ,o be mplaccd 
with new fluid from a fluid source. 

Fi g ore ic is a schemata illustration of an alternate emhod-ment 10" of the transducer 
• =• ik <;v.t em 10" includes a damper assembly 12", sensor 11, and user 
system shuwum Figure lb. System 10 memoes a Mm?* 

, object 18 for interfacing with computer system 1 6. Sensor 14. computer system 16. and u =r 
object 18 arc substantially sm^er to the corresponding component of system 10 as desenbed wtth 
reference to Hgurcs la and lb. 

Damper assembly 12" includes a piston assembly 20". Pralon uaaeruUy 20" inchsdes 
cylind., 3r- PU.00 26", and ptston rod 28. Cylinder 2d" is pmuided wirb one apenure 32. 
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_ . : . . . CA . v] ft va ive is included in damper assembly 12", for 
which is closed to fluid leakage by seals 41. No vaivc *i a flniH 

39' flow, tooush the .pen»re(s) 43 when pMm W is moved Ions »ls 36. as Wdica.es 
Lw 45. Ape— « « h.vc . « — — ^ ^ 

:; ra „ e p^ly mdud« decodes 47. as «M below „U, „*.«« ,o F , 8 »c* d. , » 
49 coupW . She <l=«rod« » b. ™«d ftom piston 26'. alon, (or ■ns.do) P ,s.o„ rod 28. and M 
to computer system 16. 

Damper assembly 12" Is a closed system, and is therefore appropriate for non-ak fluids 
such ."ell, the transduce, system 10" of Rg« .c can control the dampug 
^t»ce pruvideU tu die motion of user object 18 without changing the sue of apertures 13- 

Lfically fluid 39' provided within cylinder 24" is preferably an "electrorheolog.cal flu d 
S^2T*« h - -co,* that can be changed electronically. If an electfc Held ,s apphed 
1 1 etiological fluid, the viscosity of the fluid can be change, By changing ™y 
of fluid 39- the fluid will flow at a different rate duough apertures 43 when the p.ston 26 » 
Jo! by *e user, thus aUowing the dampmg reside to nser object 18 to be controlle, 
ZJL*** fluids are weU known to those silled in the an. For example, these flu.ds are. 
described by W. Window in U.S. Patent 2.417.850 and U.S. Patent 3.047.507. 

Figure Id is a side vie.w a.ong nne id-ld of Figure lc and shows an example of using 
apertures and ckcric fields to control the viscos.ty of an electrorheologieal fluid Prston 26 can 
indude a single aperture or mulhple apertures 43a. 43b. 43c. and 43d. Electrode* 47 * 
phoned win each aperture 43a-d. Computer system 16 can be coupled to electrodes 47 b 
buses 49 and >c„d an analug or digital voltage to the electrodes to apply an electnc field to 
aperture 43a-, The. e.ectnc t,e ld . in turn, raises the v.scosrry of fluid 39' flowing through the 
Ltuxca 43. Thia will mcrcose the damping resistance applied to user object 18 ia an on-off type 
ofresistance. similar to on-off valves described above. In addhiun. the compute* >y>tcua can vary 
the voltage applied to electrodes 47 to vary the viscosity of the fluid through an aperture 43 to 
desired decree, similar to the servo valve desc.ibed above. 

The multiple apeuu.es 43a-d can be provided in piston 26' to dampen the motion of object 
3 18 in disc** magnitude. For example, an e.ectnc field can be apphed to small aperture 43a » 
' cause only the fluid flowing through aperture 43a to raise its viscos.rv. An elecmc field can also be 
applied to large aperture 43d to raise the viscosity of the fluid only flowing duvugh aperture 43, 
W aperture 43d is larger than aperture 43a. more fluid can flow with the same «d 
applied. so Q« dtc user will feci a lesser damp.ng stance when the electnc field ,s apphed to 
,5 aperture 43d. Various apertures 43a-d and vanous voltage levels can be use, to greatly vary the 
damping resistance to object 18. 
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„ enould be noted «« no «*n»l due* or oHte* ™ '« s > s 'L m 10 " °' 

P „ 1 HoZT**™*^ fluids can also he used in the oMWm of F. e are 1 

the viscwity of rhe fluid a«d thus control Hud flow. 

h „ ah«nan. embod"*-,. <- 1— ««« » <* Sl °° " " 
example b, usiu 8 *«. - — —» * " * « ^ 

electromechanical device.*. 

p s , m . 2 u. an atom*, of . nansducor system 57 eimto » d* system 10 sbo.-» „ 
Figure a Syaum 5, InOudea . damper aasembly * — »• - « "*« »' ~ 
S „ M. » *e cors«poed,„ 8 components of system ,0 as desenbed .* 

reference to Figure la. 

a.seu.bly 59 include, a piston assembly 20 and . valve assembly 58^ Piston 
a! «^,y 20 is M ««- to d* piston assembly ttcttrt widr reference «*m» U 
«4 include, cylinder 24, piston 26, piston rod 28, end onf.ee M . cylrn*r 24. Ob£, 1 
coupled to Piston 26 by piston rod 28 » provide e M linear degree of freedom ro the obj ct 
^Ce of freedom is indieeredby rf. 36. Fluid 28 flows ««* on«« 34 end due, «. o, 
cylinder 34 when piston 26 moves in the degree of freedom. 

Valve assembly 58 includes valves 22a, 22b, and 22e. These valves axe eoupled in a series 
^ngement ™h ,h,r „. three of the valves can be controlled to channel fluid 38 through a desired 
pTln the described example, each valve 22a. 22b. and 22e is an on-off valve that guides fl*d 
38 to one of two port, Valve 22a is coupled to duct 40 and cither guides fluid 38 to op- port 60 
or to coupling port 62. Open port 60 provide, an orif.ee of n»*inu.m so that ,t the thnd « 
gul ded through port 60. piston 26 moves freely with the least damping resistance. If open port 
is not selected. then coupling pnn 62 is selected, and fluid 38 is channeled to valve 22b. 

Valve 22b is coupled to port 62 and guides fluid 38 either through msmcteo port 64 or to 
coupling port 66. Valve 22b is only operative to adjust fluid flow if coupling port 62 of valve ..a 
is selected. Restricted port 64 of valve 22b has a smaller. panially<losed orifice than the onf.ee of 
port 60 so that the flow of fluid 38 through the port is mo* restricted that the flow through open 
) port 60. This provides a greater degree of damping rcsisUnce to die movement of piston 26 and 
thus user object 18. Um^tonUiM M y^^co^ V ^»«'^^ 
38 is channeled to valve 22c. 

Valve 22c is eoupled to port 66 and guides fluid 38 either through restricted port 68 or 
allows no fluid flow with closed port 70. Valve 22c is operative to adjust fluid flow only if 
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The flow of fluid 38 through pun 68 is thus restricted to a greater degree than the Ho* through 

5 of piston 26 and userobject 18- If closed port 70 is instead .elected wuh valve 22 c. then the flou 
* ft*. ». « completely halted, providit* the rraximum doping resistance to the 
piston 26 and object 18. IdeaUy, piston 26 would not be abb to move f closed port 70 - 
Llected: however, due to fluid ledges and fluid compression in the component, of the system, 
piston 26 may have a small (negligible) amount of movement when closed port 70 is selected. 

l0 Computer system 16 is coupled to valves 22a. 7.2b. and 22c hy buses 12 74. and 76. 

respectively. As described above with reference to Figure la, computer system 16 can provide 
^Lcal sU - -Ives 22a, 22b. and 22c to control the selected pons o the valve. 
Preferably,^ solenoid for each valve is controlled by computer system 16 to switch between £ 
two pons of each valve. In other embodiments, additional valves can be coupled u. sencs to the 
15 elosed port 70 of valve 22c, for example, to provide additional pons with different onfice size^ 
Fluid flow and thus the damping resistance to piston 26 can thus be conned w* greater 
resolution. In still other embodiments, a servo valve (as described above) can he used tor one o 
M of valves 22a, 22b, and 22c to provide a variably-sized pon oriflce and thus a higher 
resolution in adjusting the. flow of fluid 38. 
20 Kigure a. « an illustration of a transducer system 61 similar to the systems 10 and 57 

shown in Figures la and 2, respectively. System 61 includes a damper assembly 63 sensor^ 4 
and user object 18 interfaced with computer system 16, similar to system 10. Sensor 14. computer 
system 16, and user object 18 are substantially similar to the corresponding components nt <y*tem 
10 as described with reference to Figure la. 
25 Dampe, assembly 63 includes a piston assembly 20 and a valve assembly 80. Piston 

aw mhly 20 is substantially s.milar to the piston assembly described with reference to Figures a 
and 2 and includes cylinder 24, piston 26, piston rod 28, and orifice 34 in cylinder 24. Obj** 
is coupled to piston 26 by piston rod 28 to provide a single linear degree of freedom u, the objcc, 
as indicated by axis 36. Fluid 38 flows through orifice 34 and duct 40 of cylinder 34 when pumn 
30 26 moves in the degree of freedom. 

Valve assembly 80 includes valves 22a', 22b". and 22c". These valves arc coupled in a 
paralle. arrangement such that all three of the valves can be controlled to guide fluid 38 to a desired 
port. This is in contrast to the series arrangement of valves shown in Figure 2. 
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„ «. « » news a- 40 - "r*!^"! 

in the described embodiment; genetically, junction 82 can dc aii 
Jun cdo«82isathrcc-wa yj uncuonmthede cnWem g ^ ^ g2 

nrrd^r-r^ ■ 

below. 

Valves 22a" 22b, and 22c" ore shown as on-off valves that guides fluid 38 to one of two 
lTv!,ve Valve W is coupled to channel 84a and cither guides fluid 38 to open port 
3 u ^ctdponSS. Openpon.hasanonnceo, — Size so that V 

} 86orstopsnuia r . 22b - d 2 2c' are closed, piston 26 moves 

«e t,uid 1S guided through port 86. and closed ( , e . dywJ port 88 » 

freely with the least damping resistance. Otherwise, if valve 
selected), die fluid 38 docs not flow through voWe 22a. 1 

Valve 22b' is coupled to channel 84b and either guides fluid 38 through restrict* port 90 
5 orstopsfltudnoww^cmsedportSl Restricted port 90 h» a partially-closcc orifice, ^> 

rtiofFigurc^wh^^ 
86 restricts fluid flow through valve 22a'. Thus, if fluid is g^ded through port 90. and valves 
"22b are closed, a greater doping stance is generated on the movement of p,tou 26. 
'otherwise, the fluid does not flow through valve 22b if closed port 92 is selected. 

20 Valve 22c- is coupled to channel 84c and guides fluid 28 either through rested port 94 or 

.o P , fluid now with closed port 96. Reacted port 94 has a partial^ orifice ^t u sm^er 
J the orifice of restricted port 90 of valve 22b. Thus, port 94 n**» the flow of flu.d 38^ 
neater extent than port 90. When valves 22a' and 22b" are closed, port 94 creates a greater 
^resistance on the movement of ^ « Cosed po« 96 of valve 22C Is selected, no 

25 fluid fluw^ ilirough valve 22c*. 

Valve. W , 22b'. mi 22c' can be « ,0 operae sin* « i- - «*» 

Wh. op.r.UBg .i* g ly. . «^ v*, can be opened * * «- ™>~ . 
ca0 «, i.f *e fluid 3S tc b. » -*» «*» °* Fl0 " n °" * 

30 Al»Lv«ly. on. - »ore valves - be opened » l«* "~ 

Ara< al„r«Kta J itr«c».flo«r ra sc«*usb. J c 1 c«d. For exoinple, valves 22a and22b en be 
tpeld while valve. 22,' i» cK~«. a «o*W -I— to pision 26 l«..u« . Nrt 

tLcen * ma^des of Nuance genecaKd by ope. vaive 22.' alone »d oper, valve 22, 



alone. 
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Corner system 16 preferably controls valves 22a, 22b". and 22C similarly * descnbed 
.iuuespcctUu^ 

S 2^. -d 22*. respectively. Valves 22a', 22b" and 22c" con eec be — b> a 
olencid that opens/closes the valve. Computer system 16 also receives an M «« «** 
ontus 50 from sensor 14 to detect the posiuon of object 14 m the provided degree of freedom 

in alternate embodiments, as described above, additional valves can be included in valve 
assembly 80, -here a junction navmg the appropriate number of channels is provided. AJso, the 
series anangemcnt of valves in Figure 2 and the parallel arrangement of valve, ,n Figure 3a can be 
combined L a single embodiment for a greater variety of selectable flow rates. In adorn n. one 
or more of valves 22a', 22b" and 22C can be implemented as servo valves that respond to an 
analog voltage and vary the si* of orifices of the valves with a much higher resolution. 

Figure 3b is a schematic LUusuation of an alternate embodiment 61' of the transducer 
systems 10' and 61 shown in Figures lb and 3,. System 61' is a closed loop system and induces 
a'dampex assembly 63'. sensor 14. and user object 18 for interfacing with computer system 16. 
Sensor Id, computer system 16. and user object 18 are substantially similar to the corresponding 
components of system 61 as described with reference to Figures la and 3a. 

Damper assembly 63' includes a piston assembly 20' and a valve assembly MO'. Piston 
assembly 20' includes cylinder 24'. piston 26, piston rod 28a. piston rod 28b. onficc 27. and 
orifice 29. The piston 26 and piston rods 28a and 28b operate stibstanhal.y the same as descnbed 
with reference to Fibres la and lb and include seals 41 to prevent fluid leakages through 
apertures 32a and 32b. Like transducer system W of Figure lb. cylinder 24' Includes two 
urife 27 and 29 instead of a single orifice. Orifice 27 leads to duct 31'. which extends from 
.-vHnder 24' to valve assembly W. which Includes valves 37a, 37o, and 37c. Duct 31' » an n- 
way junction that is preferably coupled to a first port of n valves 37a, 37n, and 37c Stodlrty. 
,5 orifice 29 leads to duct 33'. wliich extends from cylinder 24' to the second port of valves 37a 
37b and 37c Orifices 27 and 29 are arranged such that one of the orifices Is near one end of 
cylinder 24'. and the other orifice is positioned near the opposite end of the cylinder, as descnbed 
with relerer.ee to Figure ib. 

Damper assemblv 12' functions as a closed loop system as in Figure lb. When piston 26 
30 is moved by the user in a direction indicated by arrow 35. fluid 3. can flow from the intenor of 
cylinder 24' at the "front" of the cylinder, through orifice 27. through valves 37a. 37b. and/or 37c 
(if the particular valve is open), and into cylinder 24' through orifice 29. Likewise, when piston 
26 is moved in a direction opposite to that of arrow 35. fluid 39 moves from the interior of cylinder 
24' through onnce 29. through valves 37a. 37b. and 37c, through orifice 27, and back into the 
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cylinder 2*. As Ascribed with reference to Figure lb. the closed loop system of Figure 3b b 

most suitable for damping systems using fluids other than air. 

Valves 37a 37b and 37c of valve assembly 80' can be controlled by computer tytfem 16 to 

alter The amount of fluid flowing through each of the valve, Computer system 16 can send agnols 
5 0 v„ buses 97. 98. and 99. to adjust the size of an onfice in 

respe ,nve,y . in an embodiment where the valves are on-off valves, each valve 3 7a, ,7b, and , ,c 

can be provided with a differendy-sized onfice.. The amount of fluid flow can thus be controlled 

similar* as described with reference Figure 3a by opening valves 37a. 37b. and 37c singly or «. 

conjunction to provide eight Afferent possible flow rates. In other embudiiucuu. sc,vo valves can 
10 be used as described above to provide a much greater selection of flow rates. In yet nther 

embodiments, mors valves 37 can be added to provide additional flow rates. 

In an alternate, embodiment, a eleorological fluid 39' as described with reference to Figure 
lc can be provided within cylinder VC. Electrodes can be included in valve, 37,-0 (or ,n place of 
valves 37«) to allow computer system 16 to control the viscosity of the fluid 39' and thus the 
1 5 damping resistance to the movement of object 1 8. 

Figure 4a is a schematic illusion of an interface system 100 in which two degrees of. 
freedom ate provided to user object 18. Two transducer systems 10a and 10b as shown in Figure 
la are included to provide, two linear degrees of freedom to the object. Transducer system 10a 
includes a damper assembly 12a and a sensor 14a, and transducer system 10b include, a damp« 
20 assembly 12b and a sensor 14b. A computer system 16 (not shown) is preferably coupled to the 
transducer systems 10a and 10b as shown in Figure la. 

As in Figure la. each damper assembly 12a and 12b preferably includes a piston assembly 
^0a and 20b and a valve 22a and 22b. Piston assemblies 12a and 12b and sensors Ma and Mb are 
grounded A piston 2ha and 2bb moves along a linear degree of freedom, indicated by arrow, 36 
25 and 37. respectively, within cylinders 24a and 24b. respectively. Valves 22a and 22b are 
preferably controlled by computer system 16 to change the damping distance to the mooon of 
piston 26a and 26b, respectively. 

A first end of piston rod 28a is coupled to piston 26a. and a second end of piston rod 28a is 
coupled to a fir* end of joint member 101a. A rotary joint 102a couples the piston rod 28. to joint 
30 member 101a that allows joint member 101a to route about floating axis Zj, as desenbed below. 
A seeond end of joint member 101a is rotatnbly coupled to a second end of joint member 101b by a 
rotary joint 103. User object 18 is preferably coupled to Joint member 101b (or 101a). 

Piston assembly 20b has equivalent components to piston assembly 20a. Piston 26b i» 
coupled to piston rod 28b, which is rotatably coupled to a first end of joint member 101b by a 
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rotary joint 102b. Joint member 101b can thus rotate about floating axis Z2- The second end of 
joint member 101b is rotatably coupled to the second cud of joint member 101a by a rotiiry joint 
103, which provides an axis of rotation Z3. 

Object 18 can be moved by a user along linear axU 3* or linear axis 37. When object 18 is 
moved along axis 36 toward or away from valve 22a, then piston 26a. piston rod 28a. and joint 
member 101a are correspondingly moved toward or away from valve 22a and retain the same 
relative posirion as shown in Figure 4a. However, joint member 101b rotates about floating axis 
Z 2 and floating axis Zi in accordance with the movement of joint member 101a. Likew 1S e. when 
object 18 is moved along axis 37 toward or away from valve 22b, then piston 26b. piston rod 28b. 
and joint member 101b are correspondingly moved toward or away from valve 22b and retain the 
posidons as shown in Figure 4a. Joint member 101a rotates about floating axes Z\ and Z 3 in 
accordance with die movement of joint member 101b. When object 18 is moved simultaneously 
along both axis 3ft and 37 (e.g.. object 18 is moved diagonally), then both joint members 101a and 
101b rotate about their respective axes. 

Figure 4b is a perspective view of the interface system 100 of Figure 4a. Piston rods 28a 
and 28b and joint members i()la and 101b are preferably rectilinear members d.ai may be rotatably 
coupled to each other at flat surfaces of the members with rotary couplings or hinges 1 02a, 1 (KZn. 
and 103. In the described embodiment, one joint niembcr 101a is coupled under piston rod 28a 
and the other.joint member 101b is coupled over piston rod 28b. Alternatively, the piston rods and 
joint members can be coupled together in many different configurations. Object 18 can be many 
types of object*, and is shown as a joystick in Figure 4b that is coupled u> joint member 101b. 
Sensors 14a and 14b are preferably coupled to joint members lOlaand 101b, respectively, hot am 
not shown in Figure 4b. 

Figure 5a is a schemadc diagram of an altuuate embodiment 100' of the interface system 
100 shown in Figure 4a using transducer system 10 of Hgure la. In Figure 5a. two transducer 
systems 10a and 10b as shown in Figure la arc included to provide two linear degrees of freedom 
to object 18. Transducer system 10a includes a damper assembly 12a and a sensor 14a. and 
transducer system 10b includes a damper assembly 12b and a sensor 14b. A computer system 16 
(not shown) is preferably coupled to the transducer systems 10a and 10b as shown in Figure la. 

As in Figure 4a. each damper assembly 12a and 12b of Figure 5a preferably includes a 
piston assembly 20a and 20b and a valve 22a and 22b. Piston assemblies 12a ana 1 2b and sensors 
14a and 14b are grounded. A pisioii 26a and 26b moves along a linear degree of freedom, 
indicated by arrows 36 and 37. respectively, within cylinders 24a and 24b. respectively. Valves 
22a and 22b arc preferably controlled by computer system 16 to change the damping resistance to 

the modon of piston 26a and 26b. respectively. 



PCT/US96/09664 

WO 96/42078 22 

Pi,™ m- |0M is . flexible member, preferably — • - • — 

wteh 0,. rod is .o rigid. A rigid m« mte .07. couples piston rcd 04a to pmon 26, 

, Rigid merrtKr 107a provide, a rigid surface ro couple sliding me^r 46a of renro, 14. »*. 
" Z» 26a to orher embodiment., sensor 14. can be placed In other poa.uuu. .tdtoor ta™, ro 
L audit* member 46a (sucb aa toside cltoda, 24a). thus permi.ttog rigid membex » 
shone, teugflr. Piston rod 104a is rigidly coupled to » objac, member 105 at the outer and of the 
pisto. ,od. Ktob« 105 cat b. a pan of object 18 or . platform or other base for supporting 
10 object 18. 

Damper assembly 12b is coupled to object 18 in a similar manner. Flexible piston i rod 
104b is coupled to piston 26b hy ngid member 107b. and sliding member 46b uf scusor Kb is 
coupled to rigid member 107b. Flexible piston rod 28b is coupled to object member IDS at ... 
other end. 

IS Object 18 can be moved by a user along line* axis 36 or linear axis 37. Piston rods 28a 

and 28b flex appropriately as the object is moved, as shown below in Figures 5b and 5c. 

Figure 5b shows the movement of object 18 in a single linear degree of freedom using 
interface system 1W. Object 18 and member 105 are moved in the direction of arrow 93. Piston 
red 104b does not flex since the direction of movement is directed down (substantially parallel to) 
20 the longitudinal axis of the piston rod. However, since piston assembly 20a is grounded and fixed 
in place piston rod 28a bends as shown in Figure 5b. This occurs when the drrecuon of 
movement of object 18 is substantially perpendicular to the longitudinal am of piston rod 28a. i.e. 
when object 18 is moved in the linear degree of freedom indicated by arrow 37 in Figure 5a. 

Figure 5c show, the movement of object 18 in the other linear degree of freedom using 
25 interface system 10O. Object 18 and member 105 am moved in the direction Of arrow 95. 
Similarly a, described in Figure 5b. piston rod 104a does not flex since the drrecuoo of movement 
i, differed substantially parallel to the longitudinal axis of piston rod 104a. Piston rod 28a, 
however, bends as shown when the direction of movement of object 18 is substantially 
perpendicular to the longitudinal axis of piston rod 28b. i.e. when object 18 is moved in the linear 
30 degree of freedom indicated by arrow 36 in Figure 5a 

When object 18 is moved simultaneously along both Kit M> and 37 (e.g.. object 18 is 
moved diagonally, then both piston rods 28a and 28b flex in conjunction with the movement. 

Fijcurc 3d is a pcispectivc view of the interface system 100' of Figure 5a. Piston rods 28a 
and 2Xb and ngid members 107a and 107b can be rectilinear members or have cross secuon, uf 
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other sh, rM . Preterab.y. p.ston rods 104a and 104b are narrow in the dimension in which the rod 
is to flex when object 18 is moved, and wide in the dimensions in which the rod ts to remain rigid 
For example, piston rod 104a has a relatively small width in the dimension of a*s 37 su.ee rod 
101a flexes in that dimension. Correspondingly, rod 10*. h« a rea,t,ve.y large w.dth in the 
dimension of axis 36 and in the dimension of axis 2. since rod 104. preferably does not flex m 
those dimensions. Piston rods 104a and 104bb are rigidly coupled to member 105 ai one end. 
Object 18 is shown as a joystick in Figure 5d that is coupled to object member 105. Sensors 14a 
and 14b are preferably coupled to rigid members 107a and 107b, respectively, but a* not shown 
in Figure Sd. 

) Figure 5e is a perspective view of interface system 100' of Figure 5a in which a stylus- 

receiving user object 18 is provided. The interface system of Figure 5c functions a* desenbed w«h 
reference to Figures 5a-5d. However, usex object 18 is implemented as a stylus-rece.vmg object 
111 ^hu^c^>tl*^^to*dite*Wtotae*nmm*. As shown in 
Figure 5f a stylus 1 1 5 or a similar pointed article can be inserted into aperrure lllaby auscr. The 
15 user can then move the stylus 115 along a provided degree of freedom indicated by arrows 119. 
which causes object 1 1 1 to accordingly move in the same direction. Alternatively . stylus 1 15 cau 
be permanently coupled to object 111. 

The embodiment of Figure 5e can be used in a writing interface where the. user uses the. 
interface to write words input to a computer system, or in a pointing interface to direct and move 
20 computer-implemented ohjects. Theobject 111 alone can be considered the "user object" IS m this 
embodiment. Alternatively, both stylus 115 and object 111 eon collectively be considered user 
object 18. particularly in embodiments where srylusll5 is permanently fixed to object 111. 

Figure 5g is a perspective view of Interface system 100' of Figure 5a In which a finger- 
receiving user object 18 is provided. The interface system of Figure 5g functions as described 

25 with reference to Figures 5a-5d. In dtis embodiment, use, object 18 is implemented as a fmgci- 
receiving object 1 13, which includes a divot 1 13a. As shown in Figure 5h. * user may insert h,s 
or her finger into divot 1 13a and thereby move object 1 13 in the provided degrees of freedom as 
indicated by arrows 1 19. Divot 1 13a allows the user's finger to cling to the object 1 13 when the 
users finger is moved. In other embodiments, features other than or in addition to divot 1 13a can 

30 be provided on fin K cr-receivinK object 1 13 to allow the user'* finger lo cling lo the object. Fur 
example, one or more bumps, apertures, or other projections can be provided. Also, other digits 
or appendages of the user can be received, such as a user's entire hand, foot. etc. The interface of 
Figure 5g can be used to allow the user to move, point to. or otherwise manipulate computer 
generated objects in an easy, natural fashion. 
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F is um „, is . schematic illustration of . uetualuoei system .06 senai.g . .~, £f~ of 
* J* H«mninP reliance to ihe mouon of the object, as 

tad. of « objac, and I proves a P« «d rf ^ 
chown in Figure 4a. interface syiicm 100 is applied to a mccniuu^ 6 * 

rZnTlow, .07. Embodiments in which sysdam 106 is applies « systems hav, S 

^ ^ of fraction, . describe aobso,u.nuy. Woe, syarem 06 tneiudes . 

LJer assemblv 108 . 1 10. and an optional play mechanism 1 14. A compos 

:r::<r« ^ly » *. — ^ ,« — » *. . 

shown in Figures 1-3. 

Damp « ,ss.mn,y .08 rmnsmits a reals™ force CU.. M) - - <*» " -* • 
JL1I6 ovolvallS and a routing member 120. Piston assembly lt> includes a 

1 L — of cyunde, ,22. as u,d,ca,ed by a*s 12S. 
B shown by ayubol 123. A fluid flow, through « onto .30 a, ft. farend o cytoder 133 when 
In .34 s moved art*. ,he cylinder. V*. US co„,o* tne fluid flow b, « - 

L*pl potts .32 which ptovida orifle. op«un 6 s of va^ing widths. Tne movement o. ,m 
a 71 Zl htfluenced by a dampin, mais^e »U- to the amount of fluid flo^ow* 
^h v*. .18. Add.tio.al valves can be. cmtpW to valve .18 m senns or . p«UL J>. 
LL above, to provide addition., .mourns of doping msistnnc. to the movement of p.* 
" Picon K semh„ ,16 and valve 1.8 can ft.* M«< - described *«. w any rffe 
prions embodiments of Figures la, lb. 3, 3a. or 3b. I. addition, piston assembly 16 can he 
implemented using electforheological fluid. » dcactibed above with reference ,o Figure 1c. 

Rowing member 120 ia couvlcd to piston .24 by piston rod .26. In the deacribed 
embodiment, piston rod .26 is coupled ,0 p,s,on .2d by a M JnM 134 . one end 0 the ptston 
,od Similarly, piston rod 126 is coupled to rotating member 120 by enoihe, bell join. 136 * d» 
othecend of.be r ,s.on rod The hall join. 134 and 136 allows UK piston rod to move a. an angle 
with mspect to Ac surface, to which i, is arnKhed, to permitting rotational movement of muring 
member 120 to 6= convened into the linear movement of piaion 124. „ demuosuated ... F,gore 4b 
STw. - connection, can also be provided in rotaiably connect the r ,ston to ,h= rotable 
member, a* is well known to those skilled in the art. 
, Routine member 120 is rigidly coupled to a main shaft 140 which extends from muring 

member 120 to *nsor 110. Rotating member 12., and main shaft 140 can be totaled about an a*s 
A Damper assembly 108 provides a rotational damping resistance or fricuonal force (i.e. drag) on 
ma m shaft 140 m the provided rotary degree of freedom, shown by anows 107. Damp, 
assemblv 108 is thus passive and cannot provide an active force to shaft 140 («.. damp* 
5 assembly 108 cannot input energy into the to -<u>c s baft 140 to route). Thu 5) an extemai 



22/12/1997 66:33 



PCT/US96/09664 

WO 25 

r nrat,ona. force, such as a force generated by a user, is applied to shaft 140. and pass.ve damper 

assembly 108 provides a damping resistance to that external rotauonal force. 

Sensor 110 is preferably rigidly coupled to shaft IU and senses bizonal rotary 

mo ,on of main ** 114 about axis A. Sensor 110 preferably provides a electncal signal 
; tototag the rotanonal position of shaft 1U and , preferably grounded as Seated by symbol 
' ,42 In the described embodiment, sensor 110 is a digital optical encoder wfcch provide .gnab to 

n^ure the angular rotation of a M of the sensor. In alternate embodiments, sensor 110 can be 

separated from object 18 and shaft 1 14. For example, a sensor having an erruner and detector of 

0 detect the rotational position of object 18 using abeam of electromagnet energy su.h as ***** 
U £ ht Sirrdlarly.am^eucsen^^ 

M 1 14 or object 18. The option of «h — are we.,*nown to .hose sW,.«ed ,n the an. A 
stable sensor for the .ansducer system 106 is opdeal encoder model EZ marked by U.S. 
Digital of Vancouver. Washington. 
, sensor . 10 has a sensmg resoluuon. wh.ch is the smallest change in rotational position of 

" couphngshaftlHthatthesensorcandetect. For example, an optical encoder of the fcsenbed 
embodiment may be able to detect on the order of about 3600 equally-spaced ^pu.scs 
below) per revolution of shaft 114, which is about 10 detected pulses per degree of rotauonal 
mo vement. Thus, the sensing resoluuon of this sensor is about 1/10 degree in this example In an 
20 aitemate embodiment described be.ow. it is desired tn detect the des.red play between damper 
assembly 108 and object 18, and this desired play should not be less than the senstng resoluuon of 
sensor 1 10 (e.g., 1/10 degree). Preferably, the desired play between damper and object would be 
at least 1/5 degree in this example, sine* the encoder could then detect two pulses of movement, 
winch would vuuvide ■ mute tellable .ue^emcut and all.* Q» duecUuu of die movement to be 
25 more easily determined. 

Object 18 is rigidly coupled to main shaft 114. Object 18 can talo, a variety of ftmn<. a, 
described in previous embodiments, and can be direcdy coupled to mam shaft 114 or can be 
coupled through other intermediate members to shaft 1 14 . As object 18 is rotated about axis A. 
shaft 1 14 is also routed about axis A and sensor 1 10 detects the magnitude and irecuon of the 
30 rotation of object 1 8. 

In an alternate embodiment, a coupling 114 for introducing a desired amuul of "play" can 
be included in airfare 106. preferably positioned between the sensor 110 and the damper 
assembly 108. In this embodiment, main shaft 140 extends from sensor 1 10 to coupling 1 14, and 
a separate damper shaft 144 extends from coupling 1 14 to rotaung member 120. Coupl.ng 114 « 
35 rigidly coupled to main shaft 140 and non-rigidly coupled to damper shaft 144. Coupling 114 eon 
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1 1 in - « e a "braking mechanism"). Rotating member 
be considered to be part of damper assembly 108 (i.e.. a orau » 

120 is rigidly coupled to damper shaft 114. 

1.4 to damoer shaft 144 and thus allows an amount 
Coupling 114 is not rigidly coupled to damper snaix ^ 

„ dL„cr A* 144 so to. damp* ** 144 i< locked » pta*. «« «*" ««« 

. >< - - « i - - - 

*— in rite roudopd M «. ,0 n»V N«- «*-• « 
,44 TOS Play is taenttowl i» ^ ombodtaen. for porpo«» w* b. tonbod Wow „d. 
1<w - imi * iaj 1 A . . f ^,^ Mim i ino 1 14 i S rotated to the limit of ihc 

thus referred to as a "desired" amount of play. Once coupling 114 a nnua to 

5 allowed play, it either forces shaft 144 to rotate with it further; or. if damper assembly 108 
fol C locking) shaft 144. the coupling cannot be further routed k. - -uonal tac«. 
riun of desL play berween damper assembly 10. and object 1 * 
Solution of the sensor 110 being used, «d is described in *eatcr M * » 
types of play include rotary tad** «ud, as occurs tn gear systems as desenbed in the above 
types oi p y 7 flexi rotaQonal ^d non- 

0 embodiments-, and compliance or torsion flex, wnicn con occ 

rotational members. An embodiment including backlash is desenbed in greater dctad below wnh. 

spline 114 and/or shaft 144 can be considered a "play mechanism for 
;™rLred play between da^ assembly 108 and object 18. Object 18 eon also be 
^ Le,,y tn conp.mg 1 M. Altemau^y. sensor 110 a. be positioned between couphng 
t5 114 and object 18 on main shaft 140. Shaft 140 would extend through sensor 110 and can be 
rigidly coupled to object 18 at the end of the shaft. 

in this alternate embodiment including coupling 114. sensor 110 should be a, rigidly 
coupled to mo* shaft 140 as possible so ft* the sensor can detect me desired 
144 P and object 18. Any play between sensor 1 10 and object 1 8 should be — «a so ^ 
30 plav does not adversely affect the sensor's measurement, l^taHy. any mherent play b«ween 
L'sor 110 and object 18 should be less than the senstng resolution of the sensor one 1^*** * 
least an order ot macule .ess tnan the senstng .solution. T.US. in *e examp e abov, * p*y. 
between and object should be less than 1/10 degree and preferably less man 1/100 degree 

Use of steel or other rigid materials for shaft 1 14 and other component,, wtau.ii is preferred, can 
35 ^ the plavberween sensor 110 and object 18 to be made practically negligible for purposes of 
the present invention. As referred to herein, a sensor that is "rigidly" coupled to a member has a 
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M a*™, cwpltag 114 is S ul«d for nachafal »«n- *" 

.OS. « . — TT ^ — J-M* - 

— - r^-=r; - r . - — r = 
— ;r , sriT^r.:™^ l_ -» — »•. 

rotary play. Compliance or docki*, ig ^ shown m 

stable) components. For example, sensor »^^\™* mc J an amount of play 

p lgure U. out the connection * » of space can * provided 

provided by a snail SP n« B . flexible member, etc. Or. a s 

between interlocked translate components to provide play In accordance witn pre 



invention. 
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30 



Tor example object 18 may be a one-degree-of-^om joy** 

cursor that moves in the direction Indicated by the joystick on a video screen. The user moves th 
cursor that moves in me or Qf ^ curs0f u one 

cursor into a virtual (computer generated) wall . which bloc 

, surface of the wall. If sensor 1 10 is H 5 idly coupled to ^^ ^tZX 
the user wishes to move *e joys*c* In the opposite direcuon to the w JL S*ce *c dampe 
lo cked the joystick in bom directions, the compu*r «— ~ TZ^L Uke 

joystick's direcilon unless the user uvcrpowes the damper. Thus, to the user, the cur 



it is "stuck" to the wall. 



Mtfarf. CWI ftr »«— «*« 1 * «« r^^Z 

the joystick s movement. The sensor, oem* ujwu* # 
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sen sor relays the movement to the computer, 

play mechanism allows be again be similarly closed. A 

**d ««. d. cursor ,nto the J^.^h Scribed 

method for controlling damper assembly 108 to provrfe 
with reference to Figure 16. 

For ^ P1 .. *. .* — ™ r^„ - *. 
rsrr^~~—: r:zr edcouplm! 

, 14 JtopT sbuf. 144 ,0 pnmde tbe « e»d • 

For example, loree «e t ujsi a w , ya , g , 

by *. use, elo„ 8 deeued des« of A toe ^ ^ _ 

b, expensive end bulky, edding » *. cos. ends*, of lb. interfec. mecbemsm. 

movement of piston 124 without any stress or bending of the piston rod. 

Fisur, 6c is a side secdonal view of damper shaft 144 and coupling 1 14 taken along line 

* *. TZX as used in the alternate embodiment in which a desired amount of play ts 
6c-6c uf Figure 6a aa in embodimenti rotaiy 

I provided between damper assembly 108 and object is. in ^^^^ 
backlash is used to provide play between damper assembly 108 and couphng 1 14. In al^nate 

u^er ^.mblv 108 (moms member 120). Key* M 14. «. -* «J» 
5 r c ro. S ^.io„„ di,m..a of b^d d*npe. *« I" « P-*^* ^ *» 151 
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coupling 114. to prov.de me desired backlash. Keyed shaft 144 extends into keyed 1 bore 152 of 
coupling 114. In Figure 6c. gap 154 is provided around die entire perimeter of shaft .44. n 
auemate embodiments. gap 154 can be provided nn.y berween the sides of the keyed poruon 156 
of shaft 144, as described with reference to Figure 6c. 
5 Figure 6d is a side sectional view of keyed damper shaft 144 and coupling 1 14 taken along 

line 6d-6d of Figure 6c. Keyed shaft 144 is shown partially extending into coupling 1 14. As 
shown in Figure nr.. small gap 154 is preferably provided between coupling 114 and shaft 144. 
When shaft 144 is rotated, coupling 114 is also rotated after the keyed portion of shaft 144 engage, 
the keyed portion of bore 152. as describe* with reference to Figure 6e. Main shaft 140 rotates as 
10 coupling 1 M routes, since it is rigidly attached. 

Figure 6e is a detailed view of Figure 6c showing the keyed portions of shaft 144 and bore 
152 Eluded keyed portion 156 of shaft 152 protrudes into remvmg keyed portion 158 of bore 
152 In alternate embodiments, an extended keyed portion of coupling 114 can pivlrude into a 
receiving keyed portion of shaft 144! Gap 154 has a width d which determines how much desired 
15 backlash (play) is introduced between damper assembly 108 and object 18. (Additional 
unintentional backlash or other inherent play can exist between the components of the system due 
to compliance of the shafts, etc.) In the described embodiment, in which sensor 1 10 has a sensing 
resolution of about 1/10 degree, d is preferably about 1/1000 inch. Note that the distance d can 
widely vaiy in alternate embodiments. The chosen distance d is preferably made small enough to 
20 prevent the user from feeling the backlash that exists in the system when handling object 1 8 and yet 
is large enough for the sensor to detect die play (i.e., greater than the sensing resolution of sensor 
110) to allow the sensor to inform the computer the direction that the user is moving object 18. 
Thus the distance d is highly dependent on the sensing resolution of scusor 1 10. For example. If 
a sensing resolution of 1/100 degree is available, the distance d can be much smaller. The amount 
75 of backlash that a user can typically feel can depend on the size and shape of object 18, however, 
the backlash described above is not detectable by a user for the majority of possible objects. In 
other embodiments, it may he desirable to allow the user to feel the backlash or other play in the 
system, and thus a greater distance d can be implemented. 

In the preferred embodiment, distance d allows rotational movement of coupling 114 at 
30 least equal to the sensing resolution of sensor 1 10 in either direction, thus allowing a total backlash 
of d,sranc.e of 2d between surfaces 162 and 164 of coupling 1 14. Alternatively, a total backlash of 
distance d between surfaces 162 and 164 can be implemented (half of the shown distance). In 
such an embodiment, however, sensor 1 10 would only be able to detect movement from one limit 
of the backlash to the other limit, and, for example, movement of coupling 114 from a center 
35 position (a» shown in Figure 6e) would not be detected. 
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In the ascribed embodiment, digital enc der sensors 110 ore used, in which rotational 
ttdt^d lg a number of divisions on a wheel that are rotated past fixed sensor,. as 
cement tsdetec ed usu^ HBes a >ls e,", and the pulses arc 

„ well Lnown to those skilled m the art ^ ^ 

10 digital encoder or the 

Wh en couphng 1 14 is initially rotated from the position shown in Figure 6e in a direction 

plana with high resistive force to prevent any roradon.1 movement of daft 144. 

„ toe user sudden., move, object .8 to t. oppose m** aurf£ « 

has eneascd surface 166. coupling 1 14 can again be rotated freely wrhm gap 154 ml surface 164 

» =T™ £ZL «*- « ° f *■» iM - - which poii " !haft "* coup 5 " 

sensor 1 10. atoce sensor 1.0 is rigid), coupled to uoupUng 114. Sen or 110 can rttoy toe 
T^on winch coup,.,, . ,4 land tone W is -tog » to. co«o £ - * 

25 eompurar can daactiva. or aebvar. dnmpc, ma**, 101 sceordmgly. Even ,f objec, 18 rsMdm 
pZb, damper assembly 10S. as wben moving into a vttal -w>r. ton enrr^r run d«ecr toe 
^ZLcnrofobjece IS if toeu.„ch.n e «s to. direcrion of to. objec, and can remove toe 

d. passive damper (e.g.. open va.vc , i *) before surface .64 engages surface 168 so toar toe 
30 will not fee! any resistance 10 movement in the opposite duecuon. 

r^aad of unpiemendng p.ay .» rer«y W** - deacribed above rorsiou 0. « 
compliance can be provided toe desued anumn, ; P .,y . Ate* 

eonoL 114 can rake many possible forms, as is wall known >o those stalled u, to. an. The 

35 drsranc toon L. darner shnft .44 re rora* in toe «~ direeoon » coupbng shaft ua 
cXbane. or flex can h. provided wito spring members „d toe la Howe™. Otud reau-u-e 
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devices such as pneumatic piston/cylinders may include on amount of inherent complice, so that 
a flexible coupling may not be needed. 

ngure7 is a scheniatie diagram of an alternate embodiment 106' of transducer system 106 
Embodiment 1W i. stmilarto system 106 except for the placement of the damper assembly 108 
5 Object 18 is coupled to main shaft 140, which rotates about axis A. Sensor 110 is rigidly coupled 
to main Shaft 140 and operates as desenbed with respect to Figure 6a. Opposite couphng 170 is 
provided at the end of main shaft 140 opposite to sensor 110 to provide support. 

Damper assemblv 108 is substantially similar to the damper assembly shown in Figure 6a. 
and includes a piston assembly 116 and a valve 118. Pitfnn assembly 116 includes a piston 
10 cylinder 122, a piston 124, and a piston rod 126 coupled to piston 124 at one end. However, 
instead of coupling the other end of piston rod 126 to a rotating member 120. the rod end » 
coupled to object 18 with a hall joint 172 similar to the ball joint 134 shown in Figure 6a. When 
object 18 is rotated about axis A. as shown by arrows 107, piston rod 126 and piston 124 are also 
moved in a linear direction along axis 128. .he fluid flow through orifice 130 and valve 118 is 
15 controlled similarly as described with reference to Figures la and 6a to cause a damping resistance 
to the motion uf object 18. 

Figure 8 is a sdicmadc diagram of a preferred interface system 180 in accordance with the 
present invention that provides wo or three degrees of freedom to user object 18 and mechanical 
input and output. System 180 includes a gimbal mechanism 182. optional linear axis member 1 84. 
20 transducer systems 106a and 106b, and user object 18. 

Gimbal mechanism 182. in the described embodiment, provides support for system 180 on 
a grounded surface 186 (schematically shown as part of member 188). Gimbal mechanism 182 is 
preferably a five-member linkage that includes a ground member 188, extension members 190a 
and 140b and central members 192a and 192b. Ground member 188 is coupled to a base or 

.5 surface which provides stability for system 180. Ground member 188 is shown in F.gure 8 as two 
separate members coupled together through grounded surface 186. The members of gimbal 
mechanism 182 axe rotatably coupled to one another through the use of bearings or pivots, wherem 
extension member 190a is rotatably coupled to ground member 1 X* and can rotate about an axis B, 
central member 192a is rotatably coupled to extension member 190a and can rotate about a floaUi* 

30 axis D. extension member 190b is totally coupled to ground member 1 88 and can rotate about 
axis C central member 192b is rotatably coupled to extension member 190b and can rotate about 
floating axis E, and central member 192a is rotatably coupled to central member 192b at a center 
point P at die uilcrsecdon of axes D and E. The axes U and K are. "floating" in the sense that they 
ate not tited in one posiuon as are axes B and C. Axes B and C are substandally mutually 
35 perpendicular. As used herein, "substandally perpendicular" will mean that two objects or a*.s are 
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exactly or almost perpendir.nlar. i.e. at least within five degrees or ten degrees of perpendicular, or 
more preferably within less than one degree of perpendicular. Similarly, the term "substantially 
parallel" will mean that two objects or axis are exactly or almost parallel, Le. are at least within five 
or ten degrees of parallel, are preferably within less than one degree of parallel. 

5 Gimbal mechanism 182 is formed as a five member closed chain. Each end of one member 

is coupled to the end of a another member. The five-member linkage is arranged such that 
extension member 190a, central member 192a, and central member 192b can te rotated about axis 
D in a fust degree of freedom. The linkage Is also arranged such that extension member 190b, 
central member 192b. and central member 192a can be rotated obout axis B in a second degree of 

10 freedom. 

Also preferably coupled to gimbal mechanism 182 arc transducer systems 106a and 106b 
foi transducing rotary degrees of freedom, including sensors and dampers as described in Figure 
6a. Such transducer systems are preferably coupled at the link points between members of the 
apparatus and provide input to and output from an electrical system. Mich as computer system 16. 

15 Transducer systems 106a and 106b preferably include damper assemblies 108a and 108b and 
sensors 110a and 110b, respectively. Damper assemblies 108a and 108b lnclnrlft piston 
assemblies 116a and 116b, respectively, and valves 118a and 118b. respectively. Piston* 
assemblies 116a and 116b each include a cylinder 122, a piston 124, a piston rud 126. and a 
rotatable member. 120, as described with reference to Figure f>a. (tmnnd member 123 of the piston 

20 assemblies can be the same as ground member 188, or a different ground member. A computer 
system 16 (not shown) is preferably electrically connected to sensors 1 10 and valves 118 to control 
the sensors and dampers with electrical signals, as described in the above transducer embodiments. 

As described above in Figure <Sa, damper assemblies 108a and 108b are passive dampers 
that provide damping resistance to the motion of object 18 in a degree of freedom and sense the 
25 position of object IS in that degree or freedom. . Transducer system 106a transduces the motion of 
object IS in the rotary degree of freedom about axis B (and/or floating axis E), and transducer 
system 106b transduces the motion of object 18 in the rotary degree of freedom about axis C 
(and/or floating axis Dj. 

User object 18 is coupled to interface system 180. Object 18 can be coupled to central 
30 member 192a or 192b, for example, at intersection point P. Object 18 Is preferably an interface 
object for a user to grasp or otherwise manipulate in three dimensional (3D) space. Suitable user 
objects are described with the transducer systems of Figures 1-5. User object 18 may be moved in 
the two degrees of freedom provided by gimbal mechanism 182. As user object 18 is moved about 
axis B, floating axis E varies its position, and as user object 18 is moved about axis C, floating 
45 axis F varies its position. 
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It should be noted that interface system 180 is only one particular embodiment of a 
mechanism for implementing wo or more degrees of freedom. The passive transducer systems 10 
and 106 Of the present invention can be used with a variety of mechanical apparatuses, such a* 
slotted yoke joystick mechanisms, other types of gimbal mechanisms, etc.. which are well known 
to those skilled iu die an. A Slotted yoke joystick mechanism is described below with reference to 
Figure. 11. 

In alternate embodiments, user object 18 can be provided with additional degrees of 
freedom using the gimbal mechanism of interface system 180. hor example, a linear degree of 
freedom can be provided to joystick 18 in Figure 8 by allowing the joystick to be linearly muved 
along floating axis F as shown in Figure 8. Joystick 18 can be translatably coupled to rhe ends of 
central members 190a and 190b. Axis H can be rotated about axes B,C, D, and E as joystick 18 is 
rotated about these axes. A transducer system 10 or 106 can be provided to sense anrt/or dampen 
movement along axis F. Additional degrees of freedom can be provided to object 18 as well, for 
example, using a floating gimbal mechanism or other mechanical apparatus. 

Figures 9 and 10 ore perspective views of a specific embodiment 202 of interface system 
180 for providing two degrees of freedom to object IK and meehanieal input and output to a 
computer system in accordance with the present invention. Figure 9 shows a front view of system " 
202, and Figure 10 shows a rear view of the system. System 202 Includes a gimhal mechanism 
182, sensors 110, damper assemblies 108, and user object 18. Object 18 is shown in this 
embodiment as a joystick handle which can be moved in two degrees of freedom. Interface system 
202 operates in substantially the same fashion as system 180 described with reference to Figure 8. 

Gimbal mechanism 182 provides support tor system 202 on a grounded surface 186, such 
as a table top or similar surface. The members and joints ("bearings") of gimbal mechanism 182 
are preferably made of a lightweight, rigid, stiff metal, such as aluminum, but can also be made of 
udier rigid materials such as other metals, plastic, etc. Gimbal mechanism 182 includes a ground 
member 188, extension members 190a and 190b, central drive member 192a. and central link 
member 192b. Ground member 188 includes a base member 204 and vertical support members 
2116. Rase member 204 can be coupled to grounded surface 186 (oi may rest on grounded surfxe 
186) and provides two outer vertical surfaces 205 which are in a substantially perpendicular 
relation which each other. A vertical support member 206 is coupled to each of these outer 
surfaces of base member 204 such that vertical members 206 are In a similar substantially 90- 
degrec relation with each Other. 

Rotating members 120a and 120b are each preferably rotatobly coupled to a vertical 
member 2(>n. Member 120a routes about axis B and member 120b rotates about axis C. Rotating 
members 120a and 120b function as described above with reference to Higures 6a and 8. 
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attention member 1W» is ng.dly coupied to muting member 120, and i. rotated about 
axis B as the rotating member is rotated. Likewise, extension member 190b is rigidly coupled to 
the other rotating member 120b and can be rotated about axis C. Both extension members 190a 
and 190b are formed into a substantially 90-degree angle with a short end 208 coupled to rotnung 
members 120a and 120b. antral drive member 192a is rotatably coupled to a long end 209 of 
extension member 190a and extends at a substantially parallel relation with axis C. Similarly, 
central link member 192b is rotatably coupled to the long end of extension member 190b and 
extends at a substantially parallel relation to axis B (as better viewed in Figure 10). Central dnve 
member 192a and central link member 192b axe rotatably coupled to each other at the center of 
rotation of dac siinbal mechanism, which is the point of intersection P of axes B and C. Bearing 
210 connects the two central members 192a and 192b together at the intersection point P. 

Gimbal mechanism 182 provides two degrees of freedom to an object positioned 
approximately at or coupled to the center point P of rotation. An object approximately « or 
coupled to point P can be rotated about axis B or C or have a combination or rotational movement 
about these axes (when a combination of rotational movement is implemented, the object actually 
rotates about the floating axes D and/or E Instead of axes C and/or B, respectively, as shown and 
described with reference to Figure 8). 

Damper assemblies 108a and 108b are preferably coupled to gimbal mechanism 182 to 
provide input and output signals between interface system 202 and computer system 16 (not 
Shown) Damper assembly 108a is coupled to ground memher 204 and to extension member 
190a and likewise damper assembly 108b is coupled to ground member 204 and to extension 
member 190b. As described in die above embodiments, damper assemblies 108a and 108b each 
prefeiablv include a piston assembly 116 and a valve 118. where the piston assembly includes a 
cylinder, piston, and piston rod which couples the piston to a corresponding .oluiin* member 120. 
Computer system 16 can control the flow of a fluid through the. piston cylinders and valves by 
sending and receiving electrical signals to the valves, as described above. Damper assembly 108a 
thus provides damping resistance to the mouon of object 18 in the first degree of freedom about 
axis B (or floating axis E), and damper assembly 108b provides damping resistance to the motion 
of object 18 in the second degree of freedom about axis C (or floating axis D). 

Sensors 110a and 110b arc provided to detect die position of the object 18 about the two 
degrees of freedom and relay this position to computer system 16. The cylinder of grounded 
sensor 110a is preferably coupled to the outaide surface of a vertical support member 206 and 
measures die posidon of object 18 in the first degree of freedom about axis B (or axis E). i.e.. 
sensor 110a is "associated with" or "related to" the first degree of freedom. A rotational shaft of 
aensor 110a is coupled to main shaft 140 which extends from extension uiember 190a, through 
rotating member 120a. through vertical member 206. to sensor MO to transmit rotational 
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movement along the first degree of freedom- Sensor 1 10b preferably corresponds to sensor 1 10a 
in function and operation, except that sensor 110b is ass^iaicd with a second degree of freedom 
about axis C (or axis D). Sensor 1 lOh is couple* to the other vertical support member 206. In 
alternate embodiments, sensors 110a and 110b con be positioned in other location* on gimbal 
5 mechanism 182. Fur example, the sensors can be coupled to their corresponding extension 
members 190a and 190b on the opposite side of vertical members 206 shown in Figures 9 and 10. 

Sensors 1 10a and 1 10b are preferably relative optical encoders which provide signals lo 
measure the angular rotation of a shaft extending through the sensor. The electrical outpnr * of the 
encoders axe routed to computer system 16 via buses as detailed with reference to Figures la, 12, 
10 and 13. Other types of sensors can also be used, such as potentiometers, linear encoders, etc. 

It should be noted that the present invention can utilize both absolute and relative sensors. 
An absolute sensor is one which the angle of the sensor is known in absolute terms, such as with 
an analog potentiometer. Relative sensors only provide relative angle information, and thus require 
some form of calibration step which provide a reference position for the relative angle information. 

15 The sensors described herein are primarily relative sensors. In consequence, there is an implied 
calibration step after system powci-up wherein the sensor's shaft is placed in a known position 
within the interface system 202 and a calibration signal is provided to the system to provide the' 
reference position mentioned above. All angles provided by die sensors are thereafter relative to 
that reference position. Such calibration methods are well Known to those skilled in the ait and, 

20 therefore, will not be discussed in any great detail herein. 

The transducer assemblies 108a and 108b of the described embodiment axe advantageously 
positioned to provide a very low amount of inertia to the user handling object I X. Transducer 
assemblies 108a and 108b are decoupled, meaning that the transducers are both directly coupled to 
ground member 204 which is coupled to ground surface 186, i.e. the ground surface carries the 

25 weight of die dampers, not the user handling object IK. Similarly, sensors 1 10a and 1 10b are 
coupled to vertical members 206 which are coupled to ground surface 186. The weights and 
inertia of the dampen and sensors are thus substantially negligible to a user handling and moving 
object 18. This provides a more realistic interface to a virtual reality system, since the computer 
can control the dampers to provide substantially all of the damping instances felt by the user in 

30 these degrees of motion. Interface system 202 is a high bandwidth force feedback system, 
meaning that high frequency signals can be used to control damper assemblies 108 and these lu«b 
frequency signals will be applied lo the user object with high precision, accuracy, and 
dependability. The user feels very little compliance or "mu6hines&" when handling object 18 due 
to the high bandwidth. In contrast, in typical prior an arrangements of multi-degree of freedom 

35 interfaces, one transducer "rides" upon another transducer in a serial chain of links and transducer. 
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• IWR low" bandwidth arrangement cause, the user to feel th inertia of coupled transducers when 
manipulating an object. 

In addition, play mechanisms 1 14 as shown above in Figuie 6a can be added to the damper 
assemblies of Figures 9-10 tn providr. an desired amount of play. 

5 User object IK is a joystick handle 121 in the described embodiment of Figures 9 and 10 

that a user can move in two degrees of freedom. The position of joystick 121 can be sensed and 
damping resistance can be applied in both degrees of freedom by computer system 16. In the 
described embodiment, joystick 121 is fastened to central member 210 so that the user can move 
the joystick in die two degrees of freedom provided by glmbal mechanism 1X2 as derated above. 

I o In alternate embodiments, a linear axis F can be provided and a transducer can be coupled to the 
linear axis to provide a thud and fourd. degrees of freedom. In yet other embodiments, a rloat.ng 
glmbal mechanism, or a different mechanism, can be added to the joystick to provide s.x degrees 
of freedom. 

Joystick 121 can be used in virtual reality simulations in which the user can move the 
15 joystick to move a computer-generated object in a simulation, move a simulated vehicle., point to 
objects on a screen, control a mechanism, etc. For example, a user can view a virtual environment 
generated on a computer screen or in 3D goggles in which joystick 121 controls an aircraft. The 
computer system tracks the position of the joystick as the. user moves it around with sensors and 
updates the virtual reality display accordingly to make the aircraft move in the indicated direction, 
20 etc. The computer system also provides passive damping force feedback to the joystick, for 
example, when the aircraft is banking or accelerating in a turn or in other situations where the user 
may experience resistances on the joysuck and find it more difficult to Steer the aircraft. In other 
Simulations, joysuck 121 can he provided with a pulsed (on and off) damping resistance to 
simulate a "bumpy" feel to the user grasping the joystick. Tliis can simulate, for example, a 
25 vehicle moving over a bumpy road. 

Figute 11 is a perspective view of alternate interface system 220 suitable for use with 
transducer system 10 or 106. Interface system 220 includes a slotted yoke configuration for use 
with joystick controllers that is well-known lo those skilled in the art. System 220 includes slotted 
yoke 222a. slotted yoke 222h. sensors 110a and 110b. bearings 224a, and 224b, damper 
10 assemblies 106a and 106b, and joystick 18. Slotted yoke 222a is rigidly coupled lo shaft 226a that 
extends through and is rigidly coupled to sensor 1 10a at one end of the yoke. Slotted yoke 222a is 
similarly coupled to shaft 226c and bearing 221a at the other end of the yoke. Slotted yoke 222a is 
rotatablc about axis L in a first degree of freedom and this movement is detected by sensor 1 10a. 
Sensors 1 10a and 1 10h and bearings 224a and 224b are grounded. 
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Damper assembly 108a is preferably a pneumatic, draper as described above with reference 
to Figure 6a. In alternate embodiments, damper assembly 108a can be instead coupled to shaft 
226c tic* to bearing 224a. In yet other embodiments, sensor 1 10a can be coupled to shaft 226c or 
bearing 224a can be implemented as another sensor like sensor 1 10a. 

Similarly, slotted yoke 222b is rigidly coupled to shaft 226b and sensor 110b at one end 
and shaft 226d'and bearing 224b at die other end. Yoke 222b can rotated about axis H and this 
movement can be detected by sensor 1 10b. Damper assembly 108b is coupled to shaft 226b and is 
described in greater detail above with reference to Figure 6a. Damper assemblies 108a and 108b 
are grounded as shown. 

10 Alternatively, the linear damper assembly 10 of Figure la can he used in place of the rotary 

actuator assemblies 106 shown in Figure 11. In a different embodiment, the damper assemblies 
108a and 108b can be coupled directly to object 18 as shown in Figure 7. 

Object 18 is a joystick that is plvotally attached to ground surface 230 at one end 232 so 
that the other end 234 typically can move in four 90-degree directions from its center position 

15 above surface 230 (and additional directions in other embodiments). Joystick 18 extends through 
Slots 236 and 238 in yokes 222a and 222b. respectively. Thus, as joystick 18 is moved in any 
direction, yokes 222a and 222b follow the joystick and rotate about axes G and H. Sensors 1 10a- 
d detect this rotation and can thus track the motion of joystick IX. The addition of damper 
assemblies 108a and 108b allows the user to experience force feedback when handling joystick 1 8 . 

20 Other types of objects 18 can also be used in place of a joystick, or additional objects can be 
coupled to joystick 18. 

In alternate embodiments, dampen and couplings can be coupled to shafts 226c and 226d 
to provide additional force to joystick 1 12. Damper 108a and a dampei coupled to shaft 226c can 
be controlled simultaneously by a computer or other electrical system to apply or release force from 
25 bail 222a. Similarly, damper assembly 108b and a damper coupled to shaft 226d can be controlled 
simultaneously. 

In a different embodiment, a ylay mechanism 1 14 as shown In Figure 6a can also be rigidly 
coupled to shaft 22f* and damper assembly 108a to provide a desired amount of play between 
damper assembly 108a and shaft 226a. Similarly, a coupling can be rigidly coupled to shaft 226b 
30 and damper 108b. Note that the slotted yoke configuration typically introduces some inherent play 
(such as compliance or backlash) to the mechanical system. Couplings can be added to provide an 
additional amount uf play, if desired. Similarly, other Interface mechanisms that typically provide 
an amount of inherent play can be used such that the inherent play is measured by sensor 1 10 and 
no play mechanism is required. 
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_ m is . W ock diagntn, mo.tn.int a t««nc con.n.1 system 250 to U« 
TZ'^^O*. and comro, deciles 252. Cootputet c .6 sends signals ,o 

, r«r u ed provide and «eive to. » d. ^fened ensbodsnun, a sen- pon , of 

elutee sys..ns If. such as « RS232 pon. «««. «- — «»» "f^JJ" 

be eonneetad directly to .ha data hoc nf computer system Id uslnj. for example, a plug-tn card and 
slot or other access of computer system 16. 
[0 Computer system 16 can input a "sensor signal" on bus 254 from sensor, 14 or 110 

reprinting the position or motion of object 18. Computer system 16 cm *o output a 
"dampening stgnal" on bus 254 to dampers 12 or 108 to cause a damprng resutanc, to user objec 
18 Sensors 14 or 110 and dampers 12 or 108 «• described in the embodiments of Ftgurcs 1-11 
and below in Hgures 13 ar.d 14. Control electronic, 252 am portioned between computet system 
15 16 and the sensors and dampers, and can include a variety of different components m different 
embodiments. Kr « a mple. electronics 252 may just include bus wires connecting computer 
system 16 to the sensors and damper, Or. electronics 252 may additionally include eleetrorue _ 
components for communicating via standard protocols on bus 254. In addition, control elccuv.es 
252 ean include signal conditioning/processing electronics for receiving signals from season; 1 or 
20 1 10 aiid/ui power elecuonics for driving dampers 12 or 108. 

Preferably, in the present invention, control electronics 252 includes a local embedded 
■ control" microprocessor 25 1 to control sensors and dampen of the interface system Independently 
of computer system 16. In sueh on embodiment, computer system 16 can issue high level 
supervisory commands to the local processor 251 over bus 254. The local pressor 251 executes 
25 local control loops ("reflexes") for sensors and dampers in pandlel with the high level control 
routines Reflexes are useful when using a slower communication interface, such as a send 
interface. For example, the local microprocessor 251 can be provided with instructions to wall for 
commands or request, from computer system 16. decode the commands or requests, and handle 
input and output signals according to the commands or requests. If computer system 16 sends a 
30 command to change the damping resistance provided by the dampers, the microprocessor cm, 
output signals to the damper representing the new damping force to be applied, and ean send an 
acknowledgment to computer system 16 that such output was sent. If computer system 16 sends a 
request for sensory input, the control microprocessor con send position data from the sensors to 
the computer 16. Processor 251 can also independently implement command routines to conuol 
35 dampers or sensors until a host command is received. Suitable microprocessors for use in such 
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opc^s • *• MC6SHC711E9 by »~* - - » «—* f °< 

example. 

Control eta* 232 « be provided « . component of ft. tarth. system, * chown 
in Rgorn 12. Alt,cn.uvely. .he eonrml ionics 232 an be Included wnh computer 16. 
such as on an interface card, peripheral, etc. 

n™. 13 is a Khcmerk illusion of . specific embodiment 270 of coorrol sycrem 250 as 
«„wn in F,p.re ,2. Sysrem 270 con send nnd receive *«* so end from "> 
o 7o6 CI 270 for use with the dampers of *. present invnnbon wfcch pros* 

St fluid resistance to mobon, .1 which Wude the «« -« - desenbed «h 
21» *- U. Sys.cn 270 mdudes sensor Id or ,,0-« 2^ 
uunsUtor 276. prorector 278. end solenoid 280. Sensor -rt-W. «« 276. -d 

voltage protector 278 «. r* considered pm of the control electronic* 232 of rrgure 12. A tad 
proclo, 251 (no, shown) =en else be included in sysrem 270 between compure, cyst^n .6 „n» 
transistor 276/sensor interface 274. 

Host computer system 16 receives sensor signal* to one or more sensors 14 or 110 to 
determine the position of the object. The computer system preterahiy implements a simulate or. 
similar virtual environment which a user is experiencing and moving object 18 » response to, as » 
well know, to those *il led in the art. In the described embodiment, computer system 16 mcludcs 
.terfacc electronics, which preferably include a serial port, such as an RS-232 interface. Thu 
interface is suitable for controlling the passive dampers of die present nivenuon. 

Sensor 14 or 110 is preferably a digital sensor such as a relative optical encoder, as 
described above. Sensor 14 is preferably art electro-optical device, that, for example, responds to a 
shaft s rotadon by producing two phase-related signals (in a rotary degree of freedom); or 
Educes these two signals in response to movment of a linear sha* (in a nnear degree of 

; freedom). In the described embodiment, a sensor interface 27. can be used to convert the sensor 
si-nals to signals that can be interpreted by the computer system. For example, sensor uitcrfaoe 
274 receives the two ph^related signals from a sensor 14 or 110 and converts tta two s,gnaLs 
into another pair of clock sisals, wind, drive a bi-directional binary counter. The output oft he 
bbary countL is received by computer system 16 as a binary number representing the angul* 

, posrton of the encoded shaft. Such circuits, or equivalent circuits, are well known to those sLUfcd 
I the art for example, the Quadrature Chip LS7166 from Hewlett Packard, Cahfonua performs 
the functions described above. T*e position va!ue signals are interpreted by computer system* 
which updates die virtual reality environment and controls damper 108 as approbate. Other 
interface mechanisms can also he used to provide an appropriate signal to computer system 16 

5 Sensor interface 274 can be included within computer system 16, such as on an mterface. board 
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^ „ used » «M ^ computer sys.cn,. Alternatively. sensor "4 « be 

included within transducer system 10 or 106. 

,o *- - — • ^ - -* * ^ 4,11 " 

embodiments of the present Invention. 

Trustor 276 Is electiiouly coupled to compure, system 10 « its t»* tennis* 
operates . . switch for continuing the «*— of ceroid 280 Soleno, 2 0 

, , r« owe in Rente 6a, mm. « end off sletes to control the doping mw* on the ™*mo 
oTobiee. 18 Compolcr system 16 « send a dampening sign* such « . TIL logtc stgnsl. on 
; 2 8 con.01 UL 276 to either alow current to flow tnroo 8 h ft. soleatoid u. »*. « 

„ w.Low„ to those skrlled in die «. Resistor Rl b coupled between * «— 
2( , 276 and poond. .nd ha, a resistance adequate <o cause fe come. amour* of cunent » ^flow 
Lgb Glenoid 280. M. eueuit 278 is coupled . the collector of — 276 ^d 
provides voltage spike protection to ihe cuuuiu, and preferably include* two d,od.s « 
components. 

Orher ^ of bnerfstee cinruitry can .ho be used. Fnr erample. an etcetrontc tnterface is 
23 described in US. Paten, Application Sena! So. 08/092.974. fticd My 16, ,993 end entided 3-D 
Meebnmcal Mouse" asstgned . rbe *s,gn« of the preset,, invention and inconporared ta* by 

"Lcel.its.num*. Tb.-»*i-*-*-*-*-*~ ^ " 

PRO B c~ 3-D mart* mouse and baa si* channel* corresponding to d. au degrees of 

freedom of the Immersion PROBE. 

30 figure 14 is a schematic illustration of circuitry 284 to send and receive signals from 

transducer system 10/106 and interface system 180. Circuitry 284 is suitable for use with 
^ of L present invention wmeh inemde a vananle servo valve mm 1, """^ 
J* volmje. Cimuiuy 284 enn also be used ,o control other passu, dampens 
as magnetic pnrticle brakes and Use like. ClmuTO 284 Includes computer sys.em 16 d*ul senaor 

,5 " o U0 ^ i-*" 274. digiral to analog convener (DAC) 286. amplifier 288. 
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290 voltage protector 278, and solenoid 280. All these components except the computer system 
16 and sensors 14 or 1 10 can be considered as part of control electronics 252. 

Sensor interface 274 receives a signal from sensor 14 or 110 and i, coupled to computer 
system 16 These components are substantially similar to the equivalent components described 
with reference to Figure 13. DAC 286 is coupled to computer system 16 and receives a dip*! 
signal from the computer system representing a resistive force value to be applied to user object 18. 
VAC 286 converts the digital signal voltages to analog voltages which are then output to ampler 
288 A DAC suitable for use with the present invention is described with reference to Figure 15. 
AmnhtiPT ^ th,. analog voltage from HAC 2*n on a positive terminal and scales the 
voltage signal to a range usable by solenoid 280. Amplifier 288 can be implemented as an 
operational amplifier or the like. Transistor 290 is coupled to the output of ampler 288 and 
preferably operates as an amplifier to provide increased output current to solenoid 280. Resist* 
Rl i> coupled between die negative terminal of amplifier 288 and Uac emitter of trustor 290, and 
resistor R2 is couple* between the. negative terminal of amplifier 288 and ground. For example, 
resistors Rl and R2 can have values of 180 kfl and 120 kQ. respectively, and provide the proper 
biasing in the circuit. Voltage protector 278 is coupled to the ermtter of transistor 290 and provides 
protection from voltage spikes when using inductive loads, similar to protector 278 of Figure 13 
Solenoid 280 is coupled to the emitter of transistor 290 and to ground, and can be a standard 
solenoid for use in valves 22. Alternatively, a different passive damper, such as a magnet* 
particle brake, can be coupled to circuitry 284 in place of solenoid 280. A separate DAC a,d 
amplifier can be used for each solenoid or other actuator/damper implemented in the .nterface 
apparatus so the computer system 16 can control each damper separately for each provided degree 
of motion. Circuitry 284 (and 270 of Figure 13) is Intended as one example of many posstble 
circuits that can be used to interface a computer system to sensors and dampers. 

The computer system 16 shown in Figures 13 and 14 sends and receives signals preferably 
from a serial port, such as an RS-232 serial interface. An advance of die present invention is thai 
Slower senal communicauon Signals can he used to control the described passive damper thus 
allowing a computer s built-in serial interface to be used directly. Alternatively, circuitry 284 can 
be provided on an interface card which can. for example, fit into an Interface slot of computer 
I sys teml6. Foreaampk.ifcomputerieisanBMATcompafiblecomputer.memterfacecardcan 
be implemented as an ISA, EISA, VESA local bus, 0. otter well-known standard interface card 
which plugs into the motherboard of the computer and provides input and output ports connected 
to the main data bus of the computer. 

Figure 15 is a flow diagram illustrating a control process 300 for an interface system 100 or 
35 106 of the present invention. This process can be used generically to provide force feedback to a 
user of the. interface. In the preferred embodiment, a local processor is included in control 
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«s » as «M *ove. Tne s«ps of p^*- 300 can be implement <- 

computer 16 or a local processor 

The process begins at 301 -din, step 3W.thr.ta*** system Activated. Th.s step is 
The process begins cemman ded by host computer 16 

5 :::: — - - - «• - *• for - - 

on an output display dovic. and other feedback can be presented. 

Two branches exit srop 305 .0 indicate fta. there are rwo processes running stamuneuusly 
,.c. in peraBel. Step 3W> imp' p„r„J>lv Uie local processor cdttnually receives 

XT"", A*c fte ,cnao,s .ro ,eud m etep ™. *• - - 
unit a same or *J«l»y en.ironm.nr in response to fte users movement of object 18 m 

, 1. oomt of view of the user « If looking out a vehicle and turning tl« vehicle. Steps 305 

" ZZT^ZZ, - * pe^lel with other in,,,*- P^ so « toe host 
computer teceivea the most tecent position or change in petition of objee, 18. 

The second branch from step 304 is concerned with the process of comroffing the dampers 
of the presenrinventtontoprov.de force feedback to dK use, mtfttpulattng object 18 Tte*cond 
,0 bmneh etens Witt, step 308. in which the boat compute, (andta load nucroproeesso, 251) cheek i 

bvTvIml types of cmena Fo, example. If ft. bos, compute, is imputing a «. e»M* 
litton of a compute, generaed objec. wirhin rh. gam. may determine .f . change » *«• 

,5 r s pae. ship eottides with an object such as an asreroid, ft- damping -stance Wk 
' ^ U d ,o fte use, object 18. In men, ceee, tt,e cunun, positton of the u*, . 

«p 305 d^muoes wheto a chenge in damptng resisranen >e mqmmd. In nddmon oftes 
pJL— in -he game, simulation, oe othe, process implement b, fte — " 
Lmttne it . change in doping msistance » fte use, obejer is necessity. For 
30 elnTu», system 16 may ,andomly detennin. fta, fte uaert space ship .s unpaeted w.ft an objec 

r,lirm.mwme h a s m att ,dampingms, S .a.ne S ho l ddbe,pphed,o Sl m,. 1 a tt .h..mp a n 1 . 

If no change in damping distance is eumentty »,..ucd. then the procnas eonnnoucly 
nM » ,o step 308 until such a change in doping tesistance is ecpiued. When sue , a e^ge « 
35 quired. W 310 is implemomnd. In which computer system Id/local processor chocks tf fte new 
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»• .• l u ^ir^tional Urn-directional damping resistance is 
damping resistance is to be uni-directional or ^ ^ ^ would fed 

, vpli e4 in only on specified Section .long a de^ ^ f re dom ^ ^ ^ 

„ to the motion ■ "Hie* ^ of M in the 

be able to freely move the object (or move the object w * ^ kwUe Qr righ , 

opposite ArecUon of that degree of freedom » ^^~ rf freedo msothat the 

BVdi.eedonaldampingresistanceisapphedtobom — 

user would fee. the same ^— sys tem 1, 

-^-^-^^SrT-Si into a 1. then uru-dircc^al damping 
Tor example, if a user's simulated race car colM« ^ 

resistance to motion in any direction. 

. . Kncteomouter Preferably, the host computer sends a command to we ioc* 

appropriate signal to the appropnate damper. 

Ate the re.stance has been apphed, the process rerun, to step 30* to derermme if i. 
a change in the applied damping resistance. Preferably, the hose computer system 16 uuly cud* 
a change in the appn y * _ sj , tflnce Tnus , if no change in damping resistance is 

V «. rc^ed toping » «P «° U no. MMM. *« » » "~f^ 

right", • vertical-left" or "vertical-right. Step 3ia is men P 
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r— ^ ^« the user ohject is moving " the d ~^? na ™" 

lice S Je the preferred dampers of the present invention provide resistance b>-d«cuonauy. 
™*d in the embodiments above, a desired amount of "play may be implemented to detect 
m ovement in the direction opposite to the direction of re^unce, as expired above w,th reference 
lo Fibres 6a-6c. Preferably. the local pressor implements step 314 autonomously * . reflex 
to remove processing burdens from the host computer, remove communicate lag from the 
computer svtern 16 to the user object, and improve system performance. Such . reflex is most 
appropriate when using a senal interface to communicate with the host computer. 

If the user is not moving in the direction of resistance, then the user object can be moved 
freely and the process returns to step 308 to check if a change in the applied damping resistance (or 
lack in applied resistance) is required. If the user is moving in the duection of resistance in step 
3U then step 316 is implemented, in which the specified magnitude of damping resistance ,s 
app Ucd to the user object. As explained above, the preferred darners of the present invcnuoti 
always apply bi-directional resistance to the user object. Thus, to simulate un,d,recnona. 
distance, the computer or processor should be able to de»ct movement opposite to the irecuon 
of resistance. This is the reason for the inclusion of the play mechanism desenbed with reference 
to Figures 6a-6e. 

After step 316, step 318 is implemented, in which the host computer/local processor again 
checks if the user object is being moved in the designated direction of resistance. If not, dieu local 
20 processor (or host computer) removes the applied damping resistance in step 32(1. 1 he process 
then returns to step 308 to check if a change in damping resistance is required. If the user object is 
bciiiK moved in die direction uf resistance in step 318. then step 322 is implemented, in which the 
local processor (or host computer) checks if a change in damping resistance is required. This can 
occur if the computer process of step 305 requires a different resistance to be applied, etc.. as 
described ahove with reference to step 3<W; the. host computer can issue a command to processor 
251 to change the applied damping resistance (or remove the applied resistance; e removal 
command can be considered a bi-directional resistance commaad). If chan g e in resistance is not 
required, then the process returns to step 318 to again check the direction of the user object. If a 
change in resistance is required, the process letums to step 310 * delcmui.c if die retired 
30 resistance is ni-direction or uni-directional, as desenbed above. 

Steps 314-322 are preterahly indented as . "reflex" execute autonomously by the local 
' processor 251. The local processor can independendy check the direcdon of the movement of the 
user object and apply a uni-direcuonal resistance when appropriate, thus freeing the host computer 
to run the application process of step 305. When a different resistance U to be applied, or a 
resistance removed, die host computer can issue a command lo do so at die appropriate time. 
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- . «u;^rr 18 to simulate many dmertnt types oi 

cimniare walls and other uni-directional forces in a 
5 simulation, game. etc. For example, tn ... wall can *l slJ be displayed 

to fed, . raaiaianea - he ,, she aonoooas » «« *■ «-* • 

'° " ; t « WO. *e proper ramovas * — in *ep 

moves the cursor away uum , ^ ^ v^ai obstruction 

3,8 of Fie- 16- T*» *• » ' WnU '" e,n6 
toWcO on ilia *raa» ta» P 1 ""'" 1 PWP 51 ""' 

Vinuai «». can be osad .0 stautara a S «rf« condidon or simitar inborn. For 

resistance along that axis, ana m f r * flUe ncv This frequency is 

over a grating. 

tw pvamole a cursor controlled by a joy sue* i* i»u 

— C -oL »*an d,a corso, a*« *a ra 8 ,on. I*, d* oaar is 6 ™ a 
on, invanbon has baan deacribad in .eons of savaml prafarrod enrbodin*,*. ibia 
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Otner pneumatic (nr hy^n,,,) can also be used » provide a pass.ve « ' 

object s accordance with the present Mention. Furthermore, certain tenrunology h» been used 
fo the purposes of descriptive clarity, and not to limit the present mention. ., « rhetor* 
funded thai the following appended claims inelud* all such alterations, mod&tton. end 
permutations as fall within the true spirit and scope of the present invention. 
What is claimed is: 



13/1987 01:22 6904453761 ur.-r-. 

PCT/US96/09664 

WO 96/42078 46 

Other pneumatic (or hydraulic) devices can also be used to provide a passive resistance to a user 
object in accordance with the present invention. Furthermore, certain terminology has been used 
for the purposes of descriptive clarity, and not to limit the present invention. It is therefore 
intended that the following appended claims include all such alterations, modifications and 
5 permutations as fall within the true spirit and scope of the present invention. 
What is claimed is: 
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Claim* 

1. An apparatus for interfacing the mouon of an object with an electrical system 
comprising: 

a sensor for detecting movement of said object along a degree of freedom, said sensor 
being operative to develop a sensor signal for an electrical system; and 

a passive pneumatic damper coupled to said object for transmitting a drag to said object 
along said degree of freedom to resist a movement of said object, said damper being responsive to 
a dampening signal provided by said electrical system; 

such that said sensor and said pneumatic damper provide an electromechanical interface between 
said object and said electrical system. 



2. An apparatus as recited in claim 1 wherein said pneumatic damper includes a cylinder 
and a piston operative to move within said cylinder. 

3 An apparatus as recited in claim 2 wherein said pneumatic damper further includes a 
valve for regulating a flow of a fluid through said cylinder, said valve being controlled to transmit a 
variable drag to said movement of said object. 

4 An apparatus as recited in claim 3 further comprising a plurality of valves, wherein said 
plurality of valves are controlled to transmit said variable drag to said movement of said object. 

5 An apparatus as recited in claim 3 wherein said valve provides only two amounts of 
drag to said object, said two amounts being no drag to allow substantially free movement of said 
object along said degree of freedom, and a maximum drag to allow substantially no movement of 
said object along said degree of freedom. 

6. An apparatus as recited in claim 3 wherein said valve provides at least three amounts of 
drag to said object along said degree of freedom. 

7 An apparatus as recited in claim 3 wberem said electncal system includes a digital 
computing apparatus, and wherein the stze of an orifice in saM valve is controlled by said dttntal 
computing apparatus. 
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8- A system as recited in claim 7 wherein said pneumatic damper includes a solenoid, and 
wherein said solenoid is electrically coupled to said digital computing apparatus and is activated by- 
said digital computing apparatus to control said valve. 

9. An apparatus as recited in claim 7 wherein said fluid is air. 

5 10. An appaiaius as recited in claim X wherein said sensor includes a digiud encoder. 

11. An apparatus as recited in claim 2 wherein said sensor has a sensing resolution, and 
wherein said apparatus further includes a play mechanism coupled between said pneumatic damper 
and said object for providing a desired amount of play between said pneumatic dampcu and said 
object along said degree of freedom, wherein said desired amount of play is equal to or greater than 

10 said sensing resolution. 

12. An apparatus as recited in claim 12 wherein said sensor is rigidly coupled to said 
object, and wherein an amount of play less than said sensing resolution exists between said sensor 
and said object. 

13. An apparatus as recited in claim 13 wherein said play includes rotary backlash 
15 provided by a coupling coupled lu said object and having a keyed bore which is smaller than a 

keyed shaft that is received hy said keyed bore, said keyed shaft being coupled to said pneumatic 
damper. 

14. An apparatus as recited in claim 7 wherein said object is one of the group consisting of 
a joystick and a stylus. 

20 

15. An apparatus for interfacing the. motion of an object with an electrical system 
comprising: 

a transducer mechanism providing a first degree of freedom to an object engaged with said 
transducer mechanism; 

25 a sensor electrically coupled to said electrical system and rigidly mechanically coupled to 

said aauducer mechanism for sensing positions of said object along said first degree of freedom; 
and 



a braking mechanism electrically coupled to said electrical system and rigidly mechanically 
coupled to said ginibal mechanism to create a passive damping resistance to movement of said 
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object along said first degree of freedom, said braking mcchanibiii including a damping mechanism 
that provides said damping xcsistance by controlling the flow or a fluid; 

whereby said braking nicchanism and said sensor provide an electromechanical interface 
between said object and said electrical system. 

16. An apparatus as recited in claim 15 wherein said transducer medianism includes a 
gimbal mechanism providing a fust revolute degree of freedom to sairl object engaged with said 
gimbal mechanism about a tir.tr axis of rotation. 

17. An apparatus as recited in claim 16 wherein said gimbal mechanism provides a second 
degree of freedom to said object about a second axis of rotation, and further comprising a seennri 
sensor fur sensing positions of Said object along said second degree of freedom and a second 
braking mechanism to create a passive damping resistance along said second degree of freedom by 
controlling the flow of a second gas. 

18. An apparatus as recited in claim 17 wherein said gimbal mechanism includes a closed 
loop rive member linkage. 

1 ^. An apparatus as recited in claim 18 wherein said five member linkage includes: 
a ground member coupled to a ground surface; 

first and second extension members, each extension member being coupled to said ground 
member; 

first and second central members, said first central member having an end coupled to said 
first extension member and said second central member having an end coupled to said secoud 
extension member, wherein said central mcmbcis arc coupled to said linear axis member at ends 
not coupled to said extension members. 

20. An apparatus as recited in claim 17 wherein said braking mechanism includes o piston 
assembly and a valve. 

21. An apparatus as recited in claim 20 wherein said pistun assembly includes a cylinder 
and a piston operative lu move within said cylinder, said piston being coupled to said object by a 
piston rod. 

22. An apparatus as recited in claim 21 wherein said piston rod includes two ends, each 
end including a ball joint. 

23. An apparatus as recited in claim 21 wherein said fluid is air. 
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24. An appaiatu* us recited in claim 23 wherein said object include* a joystick. 

25. An apparatus as recital in claim 17 wherein said electncal system includes a digital 
processing system tor providing a braking signal to said braking mechanism and fo« receiving an 
electrical signal from said sensor. 

5 26. An apparatus as recited in claim 15 wherein said object is capahle of being moved 

along said at least one degree of freedom by a user grasping said object. 

27. An apparatus as recited in claim 15 further comprising a second braking mechanism 
electrically coupled to said electrical system and rigidly nuxhanieally coupled to said transducer 
mechanism to create a passive damping resistance to movement of said object along a second 

10 degree or freedom, said braking mechanism including a damping mechanism dial provides said 
damping resistance by conu oiling die flow of a fluid. 

28. An apparatus as recited in claim 27 wherein said transducer system includes a first 
linear member coupled between said object and said braking mechanism to provide a fust linear 
degree of freedom to said object, and a second linear member coupled between said object and said 

15 second braking mechanism to provide a second line.ar degree of freedom to said object. 

29. An apparatus as recited in claim 2X wherein said fust linear member is a flexible 
member that fleae* when said object is moved in said second degree of freedom, and wherein said 
second linear member is a flexible member that flexes when Said object , S moved in said first 
degree of freedom. 

20 30. A method for interfacing motion of an object with an electrical system, the method 

comprising the steps of: 

providing an object having a degree of freedom; 

sensing positions of said object along said degree of freedom with a sensor and producing 
electrical sensor signals therefrom: and 
25 cieauiiK a resistance 10 movement of said object along said degree of freedom by regulating 

the flow of a fluid. 

31 A. method as recited in claim 30 wherein said degree of freedom is a .oury degree of 
freedom. 

32. A method as recited in claim 30 wherein said degree of freedom is a linear degree of 
30 freedom. 
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33. A method as r cited in claim 30 wherein said step of treating a resistance to movement 
of said object includes coupling a passive brake to said object to provide said resistance. 

34. A method as recited in claim 33 wherein said brake includes a piston assembly and a 
valve to regulate said flow of said fluid. 

5 35. A method as recited in claim 34 wherein said fluid is air, and wherein said piston 

assembly and said valve comprise an open loop system for circulating air supplip.fi externally to 
said piston assembly and said valve. 

36. A method as recited in claim 34 wherein said piston assembly and said valve comprise 
a closed loop system for circulating a substantially fixed amount of said fluid within said piston 

10 assembly and said valve. 

37. A method as recited in claim 33 wherein said brake includes a cylinder and a piston, 
whexein an electrorheological fluid and a plurality of electrodes axe provided in said cylinder such 
that said step of regulating said flow of said fluid is accomplished hy applying a voltage to said 
electrodes to control a viscosity of said electrorheological fluid and thereby regulate said flow of 

15 said fluid. 

38. A method as recited in claim 33 further comprising a step of reading said sensed 
positions of said Object hy receiving said electrical sensor signals and controlling said brake by 
outputting said electrical drag signals. 

39. A method as recited in claim 34 further comprising a step of providing a gimbal 
20 mechanism to which said object is coupled, said gimbal mechanism providing two degrees of 

freedom to said object. 

40. A method as recited in claim 39 wherein said gimbal mechanism is a closed loop five 
member linkage. 

41. A method as recited in claim 34 further comprising a step of providing a sinned yoke 
25 mechanism to which said object is coupled, said slotted yoke providing two degrees of freedom to 

said object. 

42. A system for controlling an dcctromechanical interface apparatus manipulated by a 
user, the system comprising: 

a digital computer system for receiving an input control signal and for providing an output 
30 conrml signal, wherein said digital computer system updates a process in response to said input 
control signal; 
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a.passivc damper for receiving said output control signal and providing a resistive force 
along a degree of freedom to an object coupled to said passive damper, said resistive force being 
based on a flow of a fluid within said passive damper, said flow of said fluid being based on 
information in said output control signal, wherein said resistive force icsisis a user force applied to 
5 said object by said user along said decree of freedom: and 

a sensor for detecting uiuliun of said object and ourputting said input control signal 
including information representative, of the position and motion of said object lu said digital 
computer system. 

43. A system as recited in claim 42 wherein said process updated hy Mid digital computer 
1 0 system includes simulation and video game software. 

44. A system as recited in claim 42 wherein said passive damper includes a pneumatic 
brake for conn-oiling the flow of said fluid, wherein said fluid is air. 

4.5. A system as recited in claim 44 wherein said pneumatic brake includes a piston 
assembly and a valve for regulating said flow of Said air. wherein said flow of said air is regulated 
15 by said digital computer system. 

46. A system as recited in claim 45 wherein said object is grasped and moved by said user. 

47. A system as recited in claim 46 wherein said digital computer displays a view of a 
video game to said user, wherein said user can interact with said video game by manipulating said 
object. 

20 48. A system as recited in claim 45 further comprising a local processor for receiving said 

output control signal from said digital computer system and providing a second output control 
signal to said passive damper, said processor receiving a second input control signal from said 
sensor and outputting said input control signal to said digital computer system. 

49. A system as recited in claim 48 wherein said local processor is operative to provide 
2^ said second output control signal to said passive damper in response to said portion and motion of 

said object independently of said output control signal from said digital computer system. 

50. A system as recited in claim 4<J further comprising a serial interface for outputting said 
output control signal from said computer system and foi iccciving said input control signal to said 
computer system. 
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51 . A system as recited in claim 48 further comprising a digital to analog cun verier coupled 
to said digital computer system that receives said output control signal from said computer system 
in digital form and for cunvening said output control signal to analog form. 

52. A system as recited in claim 47 wherein said output control signal controls said 
5 resistive force to simulate said object moving into an obstacle. 

53. A sysrem as recited in claim 47 wherein said output couirul signal controls sain 
resistive force to simulate said object inuving over a textured surface.. 

54. A system as recited in claim 53 wherein said outpm control signal controls said 
icsistive force to simulate said object moving through a damping environment. 
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